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Understanding the fracture mechanism of brittle materials has great importance in the safe 
design of geo- and infrastructure projects. Rock fracture mechanics has several practical applications 
in geological disposal of radioactive waste, carbon sequestration, efficient underground storage of oil 
or natural gas, enhanced recovery of hydrocarbons, geothermal energy extraction and construction of 
underground structures. Mechanical and fracture properties of rock can dramatically vary with 
changes in environmental and loading conditions to which it is exposed. Microstructure of 
sedimentary rock changes significantly under the influence of high temperatures and due to the 
presence of water. These microstructural changes induced by high temperature or water saturation are 
irreversible to some extent even after cooling the rock to room temperature or drying the rock. The 
mechanical and fracture properties of rock are dependent on the microstructural damages created 
inside the rock. In addition, the presence of water inside a rock at subfreezing temperatures has a 
significant effect on its mechanical and fracture properties. Thus, it is very important to understand the 
effects of different environmental conditions on the mechanical and fracture properties of rocks. The 
results from this research can be applied in areas like tunnel fire damage assessment, geothermal 
energy extraction, underground nuclear waste disposal, tunneling below ground water table, space 
mining and others.       
This thesis examines the effects of extreme environmental conditions on the mesoscale and 
nanoscale mechanical and fracture properties of calcite-cemented sandstone along different bedding 
orientations through a series of experimental and observational methods. In the first set of tests, 
specimens were subjected to oven drying (105°C) and furnace heating (500°C) then cooled to room 
temperature before testing for their mechanical and fracture properties. In the second set of tests, 
specimens were water saturated for 24h inside a vacuum desiccator before testing. The third set of 
tests were conducted by freezing both oven-dried and water-saturated specimens to -50°C. Uniaxial 
compressive strength (UCS) and Brazilian tensile strength (BTS) tests were used to investigate the 
effects of different environmental conditions on the mesoscale mechanical properties of calcite-
cemented sandstone. The cracked chevron notched Brazilian disk (CCNBD) test was used to 
determine the mesoscale fracture properties such as mode I fracture toughness (KIC), consumed energy 
and crack propagation velocity.  For CCNBD tests, specimens were divided into three groups based on 
the notch orientation with respect to the bedding plane — divider, arrester, and short transverse. In 
addition, digital image correlation (DIC) was used for both strain and crack propagation velocity 
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measurements, and environmental scanning electron microscope (ESEM) was employed to investigate 
the microstructural damages produced in specimens before and after CCNBD tests.  
Test results reveal that both mesoscale mechanical and fracture properties of calcite-cemented 
sandstone specimens decreased significantly when subjected to furnace heating and water saturation 
compared to oven-dried specimens. The reduction in KIC and consumed energy due to furnace heating 
and water saturation were pronounced in divider specimens compared to arrester and short transverse 
specimens. In contrast, the reduction in crack propagation velocity due to furnace heating and water 
saturation was higher in short transverse specimens compared to arrester and divider specimens. The 
consumed energy during rock failure was found to have a good correlation with the fracture toughness 
(R2 = 0.89).  The microcrack density in furnace-heated and water-saturated specimens was 
significantly higher compared to oven-dried specimens. The UCS, BTS, Young’s modulus (Et50) and 
KIC of the calcite-cemented sandstone specimens in saturated frozen condition increased significantly 
when compared with oven dry frozen condition. The dramatic increase in mechanical strength and 
fracture toughness of the saturated frozen specimens can be attributed to the presence of ice in the 
pores and cracks of the specimens, which fills them as a solid material and prevents their widening 
and spalling. 
This thesis also investigates the nanomechanical properties (reduced modulus, Er and 
hardness, H) of minerals and mineral-to-mineral contacts in calcite-cemented sandstone specimens 
subjected to oven drying and furnace heating using a combination of automated mineralogy, ESEM 
and nanoindentation tests. Results from the nanoindentation test revealed that Er and H of rock 
forming minerals and mineral-to-mineral contacts decreased significantly in furnace-heated specimens 
compared with oven-dried specimens. Anisotropic thermal expansions along different crystallographic 
axes, thermal dissociations of certain minerals, differential thermal expansion, the presence of 
impurities and inconsistencies in the orientation of minerals during deposition were found to be the 
major reasons behind the increased microcrack densities in the furnace-heated specimens. In addition, 
an attempt was also made to compare the effect of annealing on the nanoscale and mesoscale 
mechanical properties of calcite-cemented sandstone. The results proved that the decrease in Er and H 
of the individual minerals and mineral-to-mineral contacts due to furnace heating were consistent with 
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1.1 Motivation  
Understanding the fracture mechanism of brittle materials has great importance in the 
safe design of geo- and infrastructure projects. Large-scale geotechnical, mining or civil 
engineering structures are susceptible to rapid and violent failures leading to significant safety 
hazards, material damage, and interruption or even termination of mining or construction 
activities. Knowledge of fracture behavior of brittle materials can be useful in predicting or 
averting the potential for structural, geotechnical and geological failures (Szwedzicki, 2003).  
Rock fracture mechanics has received great attention in both science (e.g. geology, 
geophysics and material science) and engineering (e.g. mining and civil engineering). Rock 
fracture mechanics can be employed to improve safety, enhance performance and economy of 
rock engineering structures (Brace and Bombolakis, 1963). Rock fracture mechanics has several 
practical applications in geological disposal of radioactive waste, carbon sequestration, efficient 
underground storage of oil or natural gas, enhanced recovery of hydrocarbons, geothermal 
energy extraction and construction of underground structures. 
Mechanical and fracture properties of rock can dramatically vary with changes in 
environmental and loading conditions to which it is exposed (Erdogan and Sih, 1963). 
Temperature, water saturation, the presence of chemical solutions, confining pressure are some 
of the major environmental factors that affect the rock mechanical and fracture properties.  
Crustal rocks are constantly exposed to different temperature regimes and water 
saturation at various points in time (Anders et al., 2014; Fyfe, 2012). Igneous and metamorphic 
rocks sustain severe temperature during their formation. In contrast, some sedimentary rocks will 
be subjected to extreme temperatures during tunnel fires or explosions. High temperatures below 
rock melting point can induce microscale cracks in rocks, thereby reducing the fracture 
properties (Kranz, 1983).  
Mining of resources such as water, gases, and minerals found beyond our planet has been 
gaining interest in recent years. The rocks and soil found in Moon, asteroids and Mars will be 
frozen and will have completely different behavior. Recently, different space probes confirmed 
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the presence of water in the form of ice in the polar regions of Moon and Mars. Studies have 
identified that the mechanical strength of saturated rocks increases with decreasing temperature 
(Atkinson et al., 2018). Thus, the energy requirements for drilling and coring into permanently 
frozen extraterrestrial soils and rocks will have to be properly studied. In addition, with a 
considerable increase in population, some countries like Singapore, Japan and South Korea are 
building large underground spaces for storing liquefied natural gas (L.N.G.). The L.N.G act as an 
important substitute for petroleum and will be stored at extremely low temperatures. Thus, the 
rock that provides storage space will be exposed to cryogenic temperatures (Inada and Yokota, 
1984). Therefore, it becomes extremely important to understand the behavior of the rocks at sub-
zero temperatures with various degrees of water content. 
Water saturation significantly affects the mechanical and fracture behavior of rocks. 
Presence of water in sedimentary rocks weakens the cementing material, dissolves minerals, 
increases pore water pressure, and enhances water-clay interaction leading to a reduction in 
strength by creating microstructural damages (Dyke and Dobereiner, 1991a; Hadizadeh and Law, 
1991a). Understanding the mechanical and fracture properties of rock under different 
environmental conditions thus becomes important for the safety and reliability of underground 
structures, designing proper excavating tools for space mining, and other extreme environments.  
Rocks are heterogeneous and are composed of different minerals. The mechanical and 
fracture properties of intact rock are influenced by the presence of various minerals, mineral-to-
mineral contacts and cementing materials. When subjected to different environmental conditions, 
structural changes or nanoscale damages are created in rocks (Gutierrez et al., 2000; Hadizadeh 
and Law, 1991a). These structural damages can be in the form of microcracks weakening 
individual minerals and mineral-to-mineral contacts. These nanoscale structural damages can 
cause significant variations in the mechanical and fracture properties of rocks at mesoscale. 
Thus, studying the extent of structural damages produced in the rock body at a granular level 
becomes beneficial to clearly understand how nanoscale damages affect mesoscale rock 
properties. From the literature review, it was observed that there is a void in research dealing 
with the effects of different environmental conditions on rocks. In addition, the effects of rock 
nanomechanical properties subjected to different environmental conditions on rock fracture 
behaviors have not been addressed. 
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1.2 Research objectives  
To improve the understanding of the effects of different environmental conditions on 
meso- and nanoscale mechanical and fracture properties of rock, the following research 
objectives will be investigated: 
1) Investigate the effects of temperature (-50°C, 105°C and 500°C) and water saturation on 
various mechanical and fracture properties of calcite-cemented sandstone rock.  
2) Examine the extent of structural damage produced in calcite-cemented sandstone subjected to 
different environmental conditions before and after loading. 
3) Examine different minerals and mineral-to-mineral contacts, mineral abundance, mineral 
association, grain size, and pore percentage in the calcite-cemented sandstone rock. 
4) Investigate relationships among KIC, crack propagation velocity and energy absorbed under 
different conditions of temperature (-50°C, 105°C and 500°C) and water saturation.  
5) Investigate the effects of temperature (105°C and 500°C) on nanomechanical properties of 
calcite-cemented sandstone rock.   
1.3 Thesis organization  
This thesis is divided into seven chapters including four paper chapters. Following this 
introductory chapter (Chapter 1), chapter 2 presents the background knowledge on the concepts 
of rock fracture mechanics and fracture toughness testing methods. The literature review 
provides detail about different factors influencing rock fracture toughness, history of indentation 
testing, nanoindentation test, digital image correlation technique, automated mineralogy and 
scanning electron microscopy.  
Chapter 3 presents the paper titled “Effects of heat on rock fracture properties: studies of 
mode I fracture toughness, crack propagation velocity and consumed energy in calcite-cemented 
sandstone”. This paper was submitted to Rock Mechanics and Rock Engineering. The paper 
focused on the understanding of how microscale cracks induced by furnace heating (500°C) 
affected mesoscale fracturing processes compared with oven dried (105°C) specimens along 
three bedding orientations – divider, arrester, and short transverse. Digital Image Correlation 
(DIC), a non-contact optical measurement technique, was used for both strain and crack 
propagation velocity measurements along the bedding plane orientations. Environmental 
scanning electron microscopy (ESEM) was employed to investigate the microstructural damages 
4 
 
produced in calcite-cemented sandstone specimens before and after tests. 
Chapter 4 presents the paper titled “Effects of water on rock fracture properties: studies 
of mode I fracture toughness, crack propagation velocity and consumed energy in calcite-
cemented sandstone”. This paper was published in the International Journal of Geomechanics 
and Engineering. The paper focused on the understanding of how microscale damages induced 
by water saturation affect mesoscale mechanical and fracture properties compared with oven 
dried specimens along three notch orientations — divider, arrester, and short transverse.  
Chapter 5 presents the paper titled “Effects of water on rock fracture properties at a 
subfreezing temperature: studies of mode I fracture toughness, crack propagation velocity and 
consumed energy in calcite-cemented sandstone”. This paper was submitted to Geophysical 
Research - Planets. The paper focused on understanding how at a subfreezing temperature (-
50°C), water saturation affects the mesoscale mechanical and fracture properties of rock along 
three bedding orientations: divider, arrester, and short transverse. 
Chapter 6 presents the paper titled “Nanomechanical characterization of thermally treated 
calcite-cemented sandstone using nanoindentation, scanning electron microscopy and automated 
mineralogy”. This paper was submitted to the International Journal of Rock Mechanics and 
Mining Science. The paper focused on a series of experimental and imaging techniques to 
investigate variations in the nanomechanical properties (Er and H) of minerals and mineral-to-
mineral contacts in calcite-cemented sandstone subjected to high temperature treatment (500°C) 
in a furnace.  
Chapter 7 entitled “Conclusions and outlook” is the final chapter of this thesis. This 
chapter shows the summary of the main findings in this research and provides some suggestions 
for future work. 
The corresponding author for all the paper chapters is Dr. Eunhye Kim, Assistant 
Professor, Department of Mining Engineering, Colorado School of Mines, 1600 Illinois Street, 
Golden, Colorado 80401, USA.  
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BACKGROUND AND LITERATURE REVIEW 
This chapter presents the background and literature review for this research. The terms 
used in this thesis are explained in this chapter. Background about cracks in rocks, rock fracture 
mechanics, and fracture toughness testing methods is presented. Literature review about different 
factors influencing rock fracture toughness, history of indentation testing, nanoindentation test, 
digital image correlation technique, automated mineralogy, and scanning electron microscopy are 
explained in detail. 
2.1 Cracks in rock 
  According to Simmons and Richter (1976) “A crack is any opening in rock that has one 
or two dimensions much smaller than the third.” Cracks in rocks can be divided into micro, meso 
and macro-cracks according to scale. Microcracks are penny-shaped (planar) openings with long 
dimension in the order of one to few grain diameters (less than 1000 microns). Based on their 
location within the rock they can be classified as intragranular, intergranular and transgranular 
microcracks (Figure 2.1). Intragranular microcracks are relatively shorter than the grain diameter 
and lie totally within the grain (Kranz, 1983; Simmons and Richter, 1976; Sprunt and Brace, 
1974). Intergranular microcracks also known as grain boundary microcracks are located at the 
interface between grains. These microcracks run close to and subparallel to the grain boundary 
and can be continuous along several grain boundaries. Transgranular microcracks extend from a 
grain crossing into one or more grains (Fujii et al., 2007). The mesocracks spans several 
millimetres to centimetres. They can be formed naturally or due to coalescence of several 
microcracks. In contrast, a macrocrack can span from several decimeters to kilometers. In 
geological or rock mechanics terms, macrocracks can be again divided into fractures, joints, 
faults and shear zones. These are not explained here as these are not within the scope of this 





Figure 2.1 Nomenclature of different microcracks. 
2.2 Rock fracture mechanics  
 The application of fracture mechanics in rocks and concrete has gained momentum 
several years after its introduction to explain crack problems in glass, metals, and ceramics. Due 
to its relatively simple fracture criteria in describing the failure of materials, fracture mechanics 
has gained popularity in geology, rock mechanics and structural engineering. After its 
introduction in rock mechanics and geology, rock fracture mechanics has touched many diverse 
areas including earthquake mechanics (Ampuero et al., 2018; Cowie and Scholz, 1992; Kammer 
et al., 2018), hydraulic fracturing (Adachi et al., 2007; Desroches et al., 1994; Shel and Paderin, 
2019), geothermal energy extraction (Ghassemi, 2012; Matsuki et al., 1991; Willis‐Richards et 
al., 1996), rock drilling and blasting (Guo et al., 1992; Rossmanith et al., 1997) and many other 
areas (Balme et al., 2004). 
The concepts of fracture mechanics were originally developed for materials that obey 
Hooke’s law. Although corrections for small-scale plasticity were proposed by many researchers, 
most of these fracture mechanics analyses were restricted to materials whose global behavior is 
linear elastic (Anderson, 2017). According to the classical, linear elastic fracture mechanics 
(LEFM), cracks exist in all materials irrespective of material type and crack growth occurs when 
stresses at the crack tip reach a critical value which is sufficient to overcome the material 
strength. This critical stress at which cracks start to propagate is a measure of fracture toughness 
of the material. Fracture toughness is generally used as a term for representing material 
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resistance to extension of a crack. Cracks in a material can exhibit pure tensile (Mode I), sliding 
(Mode II) or tearing (Mode III) failure modes based on the orientation of the load relative to the 
plane of the initial crack (Figure 2.2). In Mode I, the crack tip is subjected to displacement 
perpendicular to the crack plane. The crack propagation is in the direction of the crack plane. In 
Mode II, the crack tip is subjected to displacement parallel to the crack plane. The crack faces 
move relative to each other. In Mode III, shear displacement acts parallel to the front of the crack 
plane (Anderson, 2017). The microcracks commonly formed in natural conditions are found to 
be Mode I cracks where the minimum principal stress exceeds the tensile strength of the rock 
creating a narrow opening (Atkinson, 2015). 
 
Figure 2.2 Failure modes found in a mesoscopic crack (after Anderson, 2017). 
Since the rocks are composed of different grains, on a granular scale they are 
heterogeneous. The grains in igneous, sedimentary and metamorphic rocks tend to have different 
thermal and elastic properties. Therefore, at a granular scale, stress concentrations exist that can 
initiate and propagate microcracks, even though the overall stresses are well below the fracture 
strength of the rock. In contrary to the classical fracture mechanics which assumes microcrack as 
a single, ideal atomically sharp crack which behaves linearly when loaded, a majority of the 
naturally occurring and machined cracks have a blunt crack tip and behaves nonlinearly when 
loaded. This nonlinear behavior of the crack is due to the formation of a zone ahead of the crack 
tip where microcracks of various orientations and positions are nucleated due to stress 
concentration. This zone is termed as “fracture process zone (FPZ)” and will migrate along with 
the extension of the crack tip. A schematic representation of the development of a FPZ and 
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fracture from a machined notch under a tensile load is shown in Figure 2.3. A few microcracks 
may be introduced at the tip of machined notch during notch preparation (Figure 2.3A). During 
the initial loading, some additional cracking occurs on the weakest planes near to notch tip 
(Figure 2.3B). At this point, the density of microcracks near the notch tip is insufficient to create 
a nonlinearity in the load-displacement curve. When the load is increased, the density of 
microcracks near the notch tip increases significantly along with microcrack coalescence. This, 
in turn, creates a nonlinearity in the load-displacement curve (Figure 2.3C). Finally, the 
macrocrack propagation associated with the coalescence of microcracks in the process zone 
occurs (Figure 2.3D). As the macrocrack propagates, certain microcracks in the process zone are 
left behind and become inactive leading to the formation of “damage zone” (Anders et al., 2014; 
Hoagland et al., 1973).  
 
Figure 2.3 Schematic representation of the development of a fracture process zone (FPZ) and 
fracture under a tensile load perpendicular to a machined notch (modified from Hoagland et al., 
1973). 
 The size of the process zone compared to the dimensions of the crack body determines 
the validity of the LEFM concept to a problem. LEFM becomes invalid if nonlinear material 
deformation extends to a large region surrounding the crack tip. In many materials, fracture 
behavior cannot be characterized with LEFM, and an alternative fracture mechanics model in the 
form of elastic-plastic fracture mechanics is required. Two elastic-plastic parameters namely 
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crack tip opening displacement (CTOD) and the J contour integral are introduced to describe 
crack tip conditions in elastic-plastic materials. Even for materials exhibiting a large amount of 
crack tip plasticity, critical value of CTOD or J contour integral can give size-independent 
measures of fracture toughness. 
2.3 Fracture toughness testing methods  
The International Society for Rock Mechanics (ISRM) have suggested four testing 
methods to determine mode I fracture toughness (Figure 2.4). These are short rod (SR) 
(Ouchterlony, 1988), chevron bend (CB) (Ouchterlony, 1988), cracked chevron notched 
Brazilian disc (CCNBD) (Fowell et al., 1995) and cracked straight through semi-circular bend 
specimen (CSTSCB or SCB) (Kuruppu et al., 2014). 
 
 
Figure 2.4 Configuration of the different suggested methods (A) chevron bend, (B) short rod, (C) 
cracked chevron notched Brazilian disc and (D) semi-circular bend (modified from Fowell et al., 
1995; Kuruppu et al., 2014). 
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In 1988, ISRM introduced CB and SR methods were as suggested testing methods to 
determine mode I fracture toughness. The CB method uses cores with prefabricated V-shaped 
notches in a three-point bending test to determine the fracture toughness (Figure 2.4A). When 
loaded, a crack will be induced from the tip of the prefabricated notch that propagates stably in 
the plane of the notch. Final failure occur when the specimen was split into two halves. 
The specimens for SR test were prepared from the two split halves left from the CB 
experiment. A V-shaped notch is machined into the core in the direction of the core axis (Figure 
2.4B). A tensile force will be applied externally, which will split the rod in half by inducing a 
crack at the notch tip. The crack will propagate in a stable manner until it reaches a peak load, 
and final failure will occur in an unstable manner (Whittaker et al., 1992). Since specimens for 
CB and SR tests are prepared from the same core, it provides an opportunity to investigate the 
anisotropy in mode I fracture toughness both parallel and perpendicular to the core axis.  
CCNBD test has been widely used for fracture toughness (especially mixed mode) 
measurements of ceramic materials from the mid-1980s (Sheity et al., 1985). The method was 
introduced for testing rock materials in 1989 and was suggested as the third recommended 
chevron notched method for mode I rock fracture toughness testing by the ISRM in 1995 (Fowell 
et al., 1991). For CCNBD specimens, chevron notches were made with two cuts from both sides 
of the specimen (Figure 2.4C). A compressive force is applied to the Brazilian disk specimen 
from top and bottom creating an indirect tensile force in the specimen. During the test, a crack 
will be induced from the tip of the chevron notches that propagates stably in the plane of the 
notch. A final failure occurred when the specimen was split into two halves. The CCNBD 
method has received wide acceptance among the rock mechanics community due to its many 
advantages over other conventional testing schemes. This includes easier sample preparation, 
much higher failure loads, stable crack propagation, simpler testing procedure and lower scatter 
of test results (Chang et al., 2002; Dai et al., 2015; Nasseri and Mohanty, 2008a; Wang et al., 
2004). In addition, CCNBD geometries prevent the development of a large FPZ ahead of the 
crack tip. The geometry also prevents the FPZ from reaching the sample end, as the stress state 
near the end of the sample always remains compressive (Roegiers and Zhao, 1991; Zhao and 
Roegiers, 1990). Due to these advantages, this testing method was adopted in this research, 




SCB is the latest test suggested by the ISRM to determine the fracture toughness. The test 
was proposed initially by Chong and co-workers (Chong et al., 1987) and since then had 
received much attention by many researchers (Kuruppu, 1997, 1998; Kuruppu et al., 2014; 
Kuruppu, 2000; Kuruppu and Chong, 2012; Lim et al., 1993; Lim et al., 1994a). The specimens 
for SCB test were in the form of half Brazilian disk with a straight or a chevron shape notch 
machined into the rock core (Figure 2.4D). Main advantages of the SCB specimens are easy 
sample preparation, simple geometry and loading configuration, the straightforward testing 
procedure. Additionally, it is able to use the remaining halves after either the CB or the SR test. 
2.4 Factors influencing rock fracture toughness  
2.4.1 Effect of high temperature on rock properties  
The effects of temperature on rock properties are a function rock mineralogy, density, 
melting temperature, thermal conductivity, porosity, permeability etc. (Graves et al., 2002). 
When a rock is exposed to high-temperature micro-cavities are produced mainly due to thermal 
cracking (Zhang et al., 2001). The microcracks are also formed due to differential thermal 
expansion of minerals in the crystal lattice (Kranz, 1983).  
Many experimental studies have been done in the past to understand the effects of heating 
on different rock properties. Fredrich and Wong (1986) conducted experiments to understand the 
micromechanics of thermally induced cracking in granite, diabase and limestone rocks (Fredrich 
and Wong, 1986). Other studies have shown that appreciable microcracking in crustal rocks can 
be induced by thermal expansion anisotropy and mismatch even in the absence of thermal 
loading and under confining pressure (Bauer and Handin, 1983; Heard and Page, 1982; Richter 
and Simmons, 1974; Wong and Brace, 1979). Physical and mechanical properties of sedimentary 
rocks after treating to temperatures below 250°C were reported by certain researches (Liang et 
al., 2006; Lion et al., 2005). The influence of temperature above 500°C on physical properties of 
granite rock was investigated by certain researchers through porosity, ultrasonic wave velocity 
and permeability measurements (Chaki et al., 2008; Darot and Reuschlé, 2000a; Darot and 
Reuschlé, 2000b). Physical properties of sandstones after high-temperature treatment (25°C - 
1200°C) was researched extensively (Dutton, 2010; Hajpál, 2002; Hajpál and Török, 2004; Tian 




Investigations on the effect of temperature on fracture toughness of rocks have gained 
attention from the 1980s. The preliminary research on this topic was initiated by Meredith and 
Atkinson in 1985 (Meredith and Atkinson, 1985). According to their research, the decrease in 
fracture toughness with an increase in temperature from 20°C - 400°C was due to an increase in 
density and distribution of thermally induced microcracks. They also observed a stable crack 
growth with very low velocities occurring in the specimens when exposed to 400°C over a long 
period. This slow crack growth at lower stress intensity factor is termed as “subcritical crack 
growth.” The major mechanism involved in subcritical crack growth due to temperature is 
diffusion. Diffusion in rocks is the net movement of molecules or atoms from a region of high 
temperature to a region of low temperature (Allnatt and Chadwick, 1967; Atkinson, 2015; 
Karunaratne and Lewis, 1980). At high temperatures, the rocks with impurity segregation at the 
grain boundaries can undergo grain boundary sliding followed by intergranular cavitation. When 
a crack starts to propagate at high temperature, a damage zone is created at the crack tip 
consisting of individual and coalesced cavities, all growing through diffusional mass transport. 
The rate of crack propagation is very slow by this process, and the crack path is quite irregular 
(Karunaratne and Lewis, 1980). Funatsu and his co-workers observed variation in fracture 
toughness of Kimachi sandstones and Tage tuff at temperatures from 20°C - 200°C (Funatsu et 
al., 2014; Funatsu et al., 2004). Evaporation of the pore water and the development of thermally 
induced microcracks were assumed to be the reasons for the variation in fracture toughness (Al-
Shayea et al., 2000; Mahanta et al., 2016).  
2.4.2 Effect of water saturation on rock properties  
Understanding the influence of water-rock interactions on the mechanical behavior of 
rock is important for solving various rock mechanics problems, which have applications in 
mining, tunneling, sub-surface fluid waste disposal and radioactive waste storage (Griggs and 
Handin, 1960; Reviron et al., 2009; Wasantha and Ranjith, 2014). Many studies have reported 
that a small increase in the water content have significantly decreased the strength and stiffness 
of rocks, particularly the sedimentary rocks (Broch, 1979; Erguler and Ulusay, 2009; Hawkins 
and McConnell, 1992a; Li et al., 2012; Talesnick and Shehadeh, 2007; Vásárhelyi, 2005; 
Vásárhelyi and Ván, 2006; Wasantha and Ranjith, 2014; Yilmaz, 2010). From the previous 
research, a reduction of 10% - 90% in uniaxial compressive strength, 11% - 63% in tensile 
strength and 10% - 70% in Young’s modulus was observed in sandstone due to water saturation 
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(Wong et al., 2016). Many factors like, geometry of the grain boundaries, pore spaces, presence 
or absence of clay, stress corrosion, dissolution of minerals, capillary effect etc. were suggested 
to explain the reduction in strength and stiffness of rocks (Colback and Wiid, 1965; Dube and 
Singh, 1972; Mann and Fatt, 1960b; Van Eeckhout and Peng, 1975). Some of the important 
factors are explained below in detail:  
(1) Stress corrosion 
The theory of stress corrosion postulates that in crystalline silicates and silicate glasses 
the strained Si-O bonds at crack tip react more readily with environmental agents. Many 
researchers (Atkinson, 1979; Dobereiner and Freitas, 1986; Dyke and Dobereiner, 1991a) 
consider that stress corrosion is the predominant process in moisture-related strength reduction in 
rocks. For silicate glasses and quartz in moist environments, they postulated that the presence of 
water increased the velocity of crack propagation by replacing strong silica-oxygen bonds with 
quite weaker hydrogen bonds within the silicate lattice. This reaction can be expressed as: 
[-Si-O-Si-] + [H-O-H] = [-Si-OH-HO-Si-] 
When this phenomenon occurs at the tip of tensile crack, it reduces the required failure stress at 
the tip of the crack by weakening the strength of the crystal lattice. 
(2) Dissolution 
Dissolution enhanced crack growth is predominant when rock-forming minerals are 
soluble in water. The crack growth rate by this process is controlled by two main factors, 1) the 
mineral dissolution rate and 2) the rate at which dissolution products are removed from the crack 
tip. The common rock-forming minerals like calcite and quartz are soluble in water and can have 
crack growth by dissolution process (Fyfe et al., 1978a). 
(3) Capillary effect 
Capillary tension is predominant in rocks exposed to air and containing moisture in their 
cracks or pores. The tension is a function of vapor pressure-capillary water equilibrium. When 
the gas vapor pressure is higher than meniscus water vapor pressure, the water pocket will grow 
until equilibrium is reached. Taylor and Spears (Taylor and Spears, 1970) suggested capillarity as 
a major contributor to the breakdown of coal mine shales and mudstones. According to them, 
rocks with small grains have smaller intervening voids creating higher capillary pressures. A 
weakening of reservoir rocks after water breakthrough depends on capillary pressure and 
chemical reaction between formation water and rock cementation (Han and Dusseault, 2002). 
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Water can affect crack propagation in rock by reacting chemically and/or reducing 
friction in the process zone (Bandis et al., 1983). In general, the fracture toughness of saturated 
specimens or specimens measured under wet environments is lower than dry specimens. This is 
verified from the studies conducted by various researchers on different rock types. For examples, 
there is a 10% reduction in fracture toughness the oil shale (Schmidt, 1977), 34% in Salem 
limestone (Hoagland et al., 1973), 5% in granite (Atkinson and Meredith, 1987), 7% - 33% in 
sandstone, and 7% in Whinstone (Zhao and Roegiers, 1990). Crack growth in sandstone is 
mainly influenced by the interactions between water and clay minerals such as illite and 
smectite. The resistance to crack growth in clays such as illite and smectite decreases when 
relative humidity or water content increases (Fujita et al., 2000; Funatsu et al., 2004). 
Presence of water in rocks significantly enhances subcritical crack growth (Lajtai et al., 
1987; Waza et al., 1980). Many studies have done to understand the effects of water on 
subcritical crack growth (Nara et al., 2017; Nara et al., 2011b; Nara et al., 2014). According to 
them, electrolyte concentration affects subcritical crack growth by decreasing the width of the 
electric double layer and the condensation of clay minerals.   
(4) Surface energy reduction (Rehbinder effect) 
Rehbinder and his collaborators described the effects of a surface acting liquid on the 
mechanical and electrical properties of metals and other substances. Andrade et al.(1950) found 
that mechanical effects observed by Rehbinder and his associates might be due to a 
disintegrating action of the surface agent (Rehbinder reagent) causing a reduction in free surface 
energy rather than to a deep penetration of this agent into minute cracks. Both physical and 
chemical effects generally tend to decrease the strength of the rock through a reduction of free 
surface energy. 
Colback and Wiid (1965) reported that water, as well as four other organic liquids, 
decreased the compressive strength of basalt. They observed that the saturating liquids reduced 
the surface energy of the rock and hence its strength. The nature of liquid has a direct influence 
in the crack openings, a fact due to the decrease in surface energy of the crack borders when the 
pore is full of water (Perera et al., 2011; Vasarhelyi and Ledniczky, 1999; Vutukuri, 1974).   
(5) Slaking Effect 
Researchers observed strength reduction in certain rock types due to alternate wetting and 
drying cycles due to slaking phenomenon (Anwar et al., 1998; Lin et al., 2005a). According to 
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them, a number of wetting cycles dissolves some minerals in the matrix of rocks especially 
sedimentary rocks, which in turn increase porosity and decrease strength. Anwar and his 
coworkers used visual observations to classify the slaking phenomenon, whereas Lin et al. 
(2005) examined the change in porosity after each leach test and used x-ray diffraction technique 
to find out leached mineral from the matrix.  
(6) Pore Pressure 
Some researchers suggested pore pressure increase as a possibility in explaining the 
strength reduction in rocks due to the presence of moisture (Brace and Martin, 1968; Paterson 
and Wong, 2005). When a rock with fluid in its pores is compressed then these fluids will create 
an outward pressure lowering the strength of rock.  
2.4.3 Effect of freezing on rock properties  
The breakdown of rocks by freezing, or frost cracking, has been a subject of great interest 
to geomorphologists, petroleum engineers and space exploration scientists for many years. 
Understanding the effect of freezing on rock properties has been considered to be of paramount 
importance in the development of landscapes in periglacial environments, alternative method to 
hydraulic fracturing, freeze-thaw weathering in rocks as well as in space mining (Atkinson et al., 
2018; Kodama et al., 2013; McGreevy, 1981; Whalley and McGreevy, 1987). In the past, many 
experimental works have been conducted to understand the effect of freezing on mechanical and 
fracture properties of rocks (Agladze et al., 1996; Biedermann et al., 2014; Cai et al., 2016; 
Dwivedi et al., 2000; Inada and Yokota, 1984; Ma et al., 1999; Wang et al., 2016). Atkinson et al. 
(2018) observed brittle-like failure in Indiana limestone and Bishop tuff at a lower temperature, 
while a more ductile response at warmer temperatures. Also, they noted that the presence of 
water inside the rock enhances its strength at temperatures below the freezing point of water. Cai 
and his co-workers investigated the cryogenic damage and cracking characteristics of liquid 
nitrogen on different rock types. According to them, liquid nitrogen cooling has increased the 
amount of micro-cracks and pores inside the rock, deteriorated the mechanical properties and 
improved the fracturing performance of rocks (Cai et al., 2016; Cai et al., 2014). Recurrent 
freeze-thaw cycles significantly affect the mechanical behavior of rocks. Frequent freezing and 
thawing of pore water inside rock expands the cracks and pores, thereby promoting the 
development of new micro-fractures (Park et al., 2015; Sousa et al., 2005). When pore water 
turns to ice, its volume expands by about 9% exerting a large extrusion force on the walls of the 
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pores (Hori and Morihiro, 1998). Inada and Yakota (1984), Kodama et al. (2013) investigated the 
effects of water content and temperature on strength and failure process of frozen rocks using 
uniaxial compression and indirect tensile tests. They found that the strength of frozen rock 
increased with decrease in temperature and the increase was more pronounced in tensile strength 
of rock than the compressive strength. Dwivedi et al. (2000) conducted CCNBD test on eight 
different Indian rocks to understand fracture toughness of rocks under sub-zero temperature 
conditions. They found that strength increase due to freezing is predominant in sedimentary 
rocks compared to igneous and metamorphic rocks. Fracture toughness of sandstone increased 
~196% when the rock is frozen to -50°C compared to rock tested at 30°C. Presence of moisture 
inside the rock and porosity are the main factors which contribute to the increase in fracture 
toughness of rocks under sub-zero temperature conditions.  
2.5 History of indentation testing 
Indentation testing has its origins linked to Mohs’ hardness testing (devised in the year 
1822). According to Mohs’ testing, each material is ranked for its hardness based on its ability to 
leave a permanent scratch on another. The general principle of any indentation testing is to 
understand the mechanical properties (elastic modulus and hardness) of an unknown material by 
contacting it with another material whose properties are known. In 1900, Brinell developed a 
quantitative method for determining the hardness of metals. In Brinell hardness test, a hardened 
steel ball is forced into the flat surface of the specimen at a specific load. The hardness of the 
specimen is calculated from the diameter of the impression, the diameter of the ball and the load 
(Williams, 1942). Rockwell (1922) developed different loads and indenters of different diameters 
from Brinell’s hardness test. The major disadvantage with these two tests is the higher loads 
(>500 N) used by the indenters which makes it inappropriate for testing non-metallic minerals 
and ceramics. To overcome this disadvantage in hardness testing, several researchers proposed 
scratching tests using light loads (Hodge and McKay, 1934; Tabor, 1954). With further 
advancement in technology, new experimental techniques for the indentation of brittle materials 
were developed. Using pyramidal diamond indenter probes operated at light loads (<10 N), 
depth-sensing indentation (DSI) instruments were proposed by many researchers (Knoop et al., 
1939; Pethicai et al., 1983; Taylor, 1949; West, 1986; Wierenga et al., 1984; Wierenga and 
Franken, 1984; Winchell, 1945). 
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There are several indentation testing techniques available today to understand the 
mechanical properties of materials at macro-, micro-, and nanoscale. The International 
Organization for Standardization (ISO) proposed the classification of indentation tests based on 
the scale of the tests (ISO, 2002). Some of the most common indentation testing techniques used 
in practice are explained below (Figure 2.5). 
 
Figure 2.5 Common indentation testing techniques based on the scale of test. 
Macroscale indentation tests are characterized by indentations loads range from 2 N to 30 
kN. Common macroscale tests used by the industry and research communities are Brinell test, 
Vickers test, Rockwell test, Shore Durometer, and Meyer test. Microscale indentation tests are 
characterized by indentations loads less than 2 N and penetration greater than 0.2 μm. Knoop and 
micro-Vickers test are the two main tests in this scale range. Buchholz test was developed 
originally to analyze the indentation hardness of materials with plastic deformation behavior. 
More details and comparison of these tests are provided in Broitman (2017). 
2.5.1 Nanoindentation tests 
The necessity of understanding the mechanical properties of thin films led to the 
development of sub-micron indentation devices or nanoindentation tests. Conventional 
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microscale indentation tests require direct imaging of the indentations to obtain hardness. This 
can cause large errors during the measurement of the diagonal lengths, especially when the 
indentations are small. The advancement in microelectronics has led to the development of 
highly sensitive DSI instruments that can continuously measure force and displacement during 
an indentation. These instruments, known as nanoindenters, have very sharp and small tips for 
the indentation of volumes at the nanoscale (Doerner and Nix, 1986). The characteristic feature 
of DSI testing is the indirect measurement of the contact area using the depth of penetration and 
indenter geometry. The idea of DSI originated in the mid-1950s from the former Soviet Union 
and was developed rapidly worldwide after researchers found the implementation of its load-
depth diagrams for various metals and minerals.  
The instrument for performing DSI consists of three basic components: (1) an indenter 
mounted to a rigid column through which force is transmitted, (2) an actuator for applying force 
and (3) a sensor for measuring the indenter displacement (Figure 2.6). 
 
Figure 2.6 Schematic sketch showing the basic components of a depth-sensing indentation (DSI) 
instrument (after Hay and Pharr, 2000). 
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Indenter can be made with a variety of materials (diamond, tungsten carbide, hardened 
steel) and in a variety of shapes (spherical, Vickers, Berkovich, Knoop, cube-corner). 
Commercially available DSI instruments employ different methods to apply force and to 
measure displacement. Small forces can be generated electromagnetically using a coil and 
magnet assembly, or electrostatically using a capacitor with fixed and moving plates, or with 
piezoelectric actuators. The magnitude of force applied to the actuator is inferred from the 
voltage or current applied to the actuator or using a load cell. In contrast, displacements are 
commonly measured using capacitive sensors, linear variable differential transformers (LVDTs) 
or laser interferometers (Hay and Pharr, 2000). The results from DSI instruments are influenced 
by machine compliance, the geometry of the indenter, elastic displacements of the indenter 
material, thermal expansions or contractions of testing materials and indentation equipment. The 
accurate measurement of mechanical properties by DSI requires proper calibration of the testing 
equipment.  
After its introduction, the nanoindentation test has been widely used both in science and 
engineering fields. By the end of the 1990s, nanoindentation gained acceptance as a reliable 
testing technique to find the mechanical properties of both hard and soft materials. Many 
nanoindentation experiments were performed to understand mechanical properties of metals, 
semiconductors, glasses, ceramics, composites, biomaterials, thin films, alloys and compounds 
(Cammarata et al., 1990; Domnich et al., 2000; Giannakopoulos and Larsson, 1997; Mayo et al., 
1990; Nastasi et al., 1988; Poilane et al., 1999; Rho et al., 1997; Rho et al., 1999; Woirgard et al., 
1998). From mid-2000, geologists, rock mechanics, and concrete engineering researchers started 
to use nanoindentation testing extensively to map the mechanical properties of rocks, minerals 
and cement. Their research spanned from understanding the basic mineral properties to 
reproducing a rich variety of natural phenomena used in earthquakes models (Abousleiman et al., 
2007; Barsoum et al., 2004; Bobko, 2008; Goldsby et al., 2004; Zhu et al., 2009; Zhu et al., 
2007). Broz et al. (2006) conducted microscale and nanoscale indentation tests to understand 
hardness, toughness, and modulus of Mohs scale minerals. According to their results, the 
nanoscale hardness of Mohs scale minerals was higher than microhardness. With the advent of 
shale gas as an important source of natural gas in the United States, understanding the 
nanomechanical properties of shale and organic-rich rocks became a priority. Many studies have 
been done to estimate nanoscale mechanical properties of shale reservoir rocks (Li et al., 2018; 
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Liu et al., 2016; Wilkinson et al., 2015; Zargari et al., 2016). The porosity of rock and percentage 
of clay minerals significantly affect the nanomechanical properties of shale and organic-rich 
rocks.  
2.6 Digital image correlation technique  
Digital Image Correlation (DIC) is a non-contact optical measurement technique that is 
widely used for deformation measurement in the field of experimental mechanics for more than 
three decades (Dong et al., 2017; La Rosa et al., 2017a; Li et al., 2017; Lin and Labuz, 2013; 
Lyons et al., 1996; Orteu, 2009; Peters and Ranson, 1982; Sutton et al., 1983; Sutton et al., 
2009b; Wattrisse et al., 2001; Zink et al., 2007). The basic concept of DIC is particle tracking 
that can be used to determine displacements of particles in a digital image. By comparing two 
images acquired at different stages of deformation, the displacement fields, and thus strains fields 
over the surface of a deforming material can be assessed. The first image is referred to as the 
“reference image” and the second, acquired after some increment of deformation, as the 
“deformed image.” In order to compute the displacement of one point, a square subset or 
subimage centered at the point in the reference image is chosen and used to track its 
corresponding location in the deformed image. The matching process is completed through 
searching the maximum correlation coefficient between the reference subset and the target 
subset. Then the displacement fields of the analysis region are determined by repeating the same 
procedure (Gao et al., 2015a; Song et al., 2013).  
For example, assume two points P (x0,y0) and Q (x,y) in the reference subimage (Figure 
2.7). After the deformation, these points move to a new position P (x0’,y0’) and Q (x’,y’) in the 
deformed subimage. The corresponding point Q (x’, y’) after deformation relating to the 
coordinate P(x0,y0) in reference image can be calculated using the following equations. 𝑥′ = 𝑥0 + ∆𝑥 + 𝑢 + 𝜕𝑢𝜕𝑥 ∆𝑥 + 𝜕𝑢𝜕𝑦 ∆𝑦                                                                                                    (2.1) 𝑦′ = 𝑦0 + ∆𝑦 + 𝑣 + 𝜕𝑣𝜕𝑥 ∆𝑥 + 𝜕𝑣𝜕𝑦∆𝑦                                                                                                     (2.2) 
where u, v are the respective displacement components of the subset center point P in x- and y 
directions. Δx and Δy are the distances from point P to point Q. In contrast, ∂u/∂x , ∂u/∂y , ∂v/∂x 
and ∂v/∂y are the gradients of displacement components for the subimage shown in Figure 2.7. 
The horizontal displacement u and vertical displacement v can be determined by optimizing the 
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correlation function. The full-field displacements of the zone of interest (ZOI) can be obtained by 
repeating the same tracking procedure on the other points of interest. 
During the last decade, DIC has been extensively applied to measure the displacement 
and strain information of quasi-brittle materials by an increasing number of researchers. Initially, 
many researchers used DIC to analyze the crack growth in ceramics (Leplay et al., 2010, 2011; 
Roux and Hild, 2006), later researchers used DIC to investigate the damage evolution and 
fracture mechanism of rocks under various conditions (Gao et al., 2015a; Gao et al., 2015b; Li et 
al., 2017; Ma et al., 2011; Nguyen et al., 2011; Yang et al., 2015; Zhang et al., 2012). Ma et al. 
(2011) used a high-speed camera DIC experimental system to study the rapid process of rock 
failure in Brazilian disc test. The damage observation and analysis were conducted using strain 
fields at different load levels measured from DIC based on the concept of stain abnormality 
indicator. Nguyen et al. (2011) proposed a new automated method of detection and mapping of 
fractures that might be invisible to the eye and quantification of local fracture using DIC. They 
presented the efficiency of DIC to detect fracture initiation, propagation, and coalescence from 
pre-existing inclined flaws in soft rock (Neapolitan Tuff). 
 
Figure 2.7 Schematic diagram showing reference and deformed subimages used in DIC (after 




Using experiments on Sichuan sandstones, Zhang et al. (2012) showed that the DIC 
technique was efficient in tracing the deformation behavior, identifying the length of cracks and 
the onset of the tensile fracture. Stirling et al. (2013) applied the DIC technique to assess the 
influence of loading geometry on strain localization across the sample face of sandstone 
specimen during Brazilian tensile tests. From their results, they demonstrated the application of 
DIC as a substitute for traditional strain gauges in Brazilian testing. Li et al. (2017) suggested 
that the DIC technique can provide quantitative and precursory information of crack initiation on 
the surface of specimens by observing the apparent displacement and strain fields. They 
concluded that DIC is a suitable technique to establish the relationship between micro-
mechanical performance and macro-mechanical response of the rock. 
2.7 Automated mineralogy and scanning electron microscopy  
Scanning electron microscopy (SEM) and automated mineralogy got established as an 
essential enabling technology in the fields of geology, mining and mineral processing for fast and 
reliable acquisition of statistically sound comprehensive mineralogical data (Fonseka et al., 
1985; Goodall, 2008; Goodall and Scales, 2007; Nicco et al., 2018; Waugh, 1970).  
SEM is a useful tool to investigate the microstructural damages (microcracks and voids) 
in materials at high magnification and large depth of focus. Due to this reason for many decades, 
researchers in geology, mining and material sciences have used SEM widely (Gillott, 1969; 
Nemati, 1997; Smith and Oatley, 1955).  SEM consists of following basic components: the lens 
system, electron gun, electron collector, visual and recording cathode ray tubes (CRTs), and the 
electronics associated with them (Pease and Nixon, 1965). Three major types of signals are 
generated when the primary electron beam interacts with the specimen surface: (1) secondary 
electron (SE) signals, (2) backscattered electrons (BE) signals and (3) X-ray signals. SE signals 
are low energy electrons resulting from an inelastic collision of a primary beam electron with an 
electron of a specimen atom. These SE signals help to generate an image of surface topography. 
BE signals are high energy beams and capable of reflecting the difference in atomic numbers. BE 
signals can distinguish between the particles present in a specimen on the basis of the variation in 
brightness of their images. X-ray signals are produced when a specimen is bombarded by high-




The development of automated mineralogy began in the late 1970s and early 1980s in 
Australia, the United Kingdom, South Africa, and Canada. Automated mineralogy uses SEM 
fitted with backscattered electron intensity detectors (BEI) and energy-dispersive x-ray (EDX) 
spectrometers for the identification and quantification of minerals in a rock. BEI detectors help 
in rapid identification of minerals by acquiring the backscatter coefficient of a compound, which 
in turn is a measure of its average atomic number. In contrast, EDX spectrometers collect X-ray 
spectrum from each point or compound with a user-defined beam stepping interval (i.e., the 
spacing between acquisition points), an acceleration voltage and beam intensity, which is used to 
identify and quantify the proportion of elements in the compound. The interactions between the 
electron beam and the compound are modeled using Monte-Carlo simulation method (Gottlieb, 
2008). 
2.8 Conclusions  
 Initial sections of this chapter review previous studies done in the area of rock fracture 
mechanics, fracture toughness testing and various environmental factors influencing rock 
fracture toughness. According to these studies, a reduction of fracture toughness in rocks when 
subjected to various environmental conditions are due to different physical and chemical 
phenomena. In addition, the presence of water inside a rock at room temperature and at sub-
freezing temperatures have different effect on the rock fracture toughness values. Even though a 
lot of research has been done previously to understand the effects of various environmental 
conditions on the rock fracture toughness, most of these studies were restricted to mesoscale or 
macroscale tests. There are data gaps in the technical literature about the effects of various 
environmental conditions on the rock properties at a nanoscale and the relationship between 
nanoscale and mesoscale properties of rocks. Using a combination of experimental (nano- and 
mesoscale) and observational methods explained in this chapter, the authors tried to understand 
the link between nanoscale and mesoscale properties of calcite-cemented sandstone. These are 
explained in detail in the following chapters. 
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EFFECTS OF HEAT ON ROCK FRACTURE PROPERTIES: STUDIES OF MODE 
IFRACTURE TOUGHNESS, CRACK PROPAGATION VELOCITY AND  
CONSUMED ENERGY IN CALCITE-CEMENTED SANDSTONE 
Modified from a paper submitted to the Journal of Rock Mechanics and Rock Engineering 
 
Varun Maruvanchery and Eunhye Kim 
3.1 Abstract 
Understanding rock fracture mechanics is critical for the improved design and safety of 
geostructures as well as infrastructures; however, the effects of microcracks on mesoscale crack 
behaviors are not sufficiently characterized well. Thus, in this study, we focused on 
understanding how microcracks induced by furnace heating (500°C) affected mesoscale 
fracturing processes compared with oven dried (105°C) specimens along three bedding 
orientations – divider, arrester, and short transverse. Fracture properties such as fracture 
toughness, crack propagation velocity, and consumed energy were examined in cracked chevron 
notched Brazilian disk (CCNBD) specimens of calcite-cemented sandstone. Particularly, digital 
image correlation (DIC) system was used for strain and crack propagation velocity 
measurements. Also, environmental scanning electron microscope (ESEM) was employed to 
observe and quantify microcracks of oven- and furnace-dried samples before and after loading 
tests. Mode I fracture toughness (KIC) significantly decreased in furnace dried divider and short 
transverse samples when compared with oven-dried samples. Interestingly, the heating effect on 
microcrack generation during the rock failure process was more significant in divider specimens 
than arrester and short transverse samples. In contrast, primary crack propagation velocity was 
higher in short transverse samples and slower in arrester specimens. The results suggest that the 
heating effect on rock fracture mechanics varies with bedding plane orientations. Also, it is 
noticeable that the consumed energy during the rock failure is highly correlated with the fracture 
toughness (R2 = 0.89). Our results of this study provide insight into understandings of how 
microscale rock cracks due to furnace heating affect mesoscale fracturing processes, contributing 




Rock fracture mechanics has received great attention in both science (e.g. geology, 
geophysics, and material science) and engineering (e.g. mining, civil and mechanical 
engineering) since understanding the rock fracture mechanics can contribute greatly to the 
advanced design and safety of geo- and infrastructures. Rock fracture behavior is dramatically 
affected by heat as high temperatures below rock melting point can induce microcracks due to 
differential thermal expansion of minerals in the crystal lattice (Kranz 1983). Thermal-induced 
microcracks in rocks are irreversible even after the rocks are cooled down to room temperature 
(Dwivedi et al. 2008; Tian et al. 2012). In nature, they appear to be uniformly distributed within 
large volumes of rocks. Thermally induced crack density is dependent upon the maximum 
temperature, temperature increase rate, thermal expansion mismatch, thermal expansion 
anisotropy, rock porosity, and grain size. In addition, microcracks can be formed by breakage of 
strained bonds and compressive, tensile or shear stresses generated by static, quasi-static or 
dynamic loads. Unlike thermal-induced microcracks, these microcracks can have a non-uniform 
distribution within a rock mass or can be concentrated near a local discontinuity like a fault 
(Anders et al. 2014).  
According to classical fracture mechanics, crack propagation occurs when stresses at 
crack tips (KI) reach or exceed a critical value which is sufficient to overcome the material 
strength (KIC). If the loading is continuous, then the crack will continue to propagate because the 
stress intensity at the crack tip increases with the crack length (Atkinson 1987). For geomaterials, 
it was found that crack initiation and growth can occur even when stresses at crack tips are far 
below the critical value (KIC). This mechanism known as subcritical crack growth depends on 
rock microstructure, temperature, pressure, and chemical reaction at crack tips. The microcracks 
induced by heat can result in changing meso- or macroscale crack initiation and propagation 
behaviors. Many researchers reported the relationship between subcritical crack behaviors and 
microstructural damage at different temperatures (Scholz 1972; Martin and Durham 1975; 
Ghamgosar et al. 2016); however, the effects of heat on crack initiation and development and the 
relationship between microstructural damage and stress intensity factors are not well-
characterized. Furthermore, it is important to understand how microcracks will affect mesoscale 
crack processes. In addition, it should be noted that many sandstones exhibit anisotropy along 
different bedding directions and discontinuities affecting their fracture behaviors and mechanical 
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strengths. Thus, it is important to investigate the effects of anisotropic bedding directions on rock 
fracture processes in the presence of microcracks. Comprehensive knowledge of fracture 
mechanics across scales is required to understand many diverse phenomena including earthquake 
mechanics, oceanic rifts, plate tectonics, magmatic intrusions, cutting tool indentation, hydraulic 
fracturing, geothermal energy extraction, and so on (Engvik et al. 2005; Brantut et al. 2013; 
Anders et al. 2014; Zubelewicz et al. 2014). 
In this study, to examine the effects of microscale (less than 100 µm) cracks induced by 
heat on mesoscale (between 100 µm to 10 cm) rock fracture processes, we focused on (1) 
identifying the effects of heat on mode I fracture toughness (KIC), crack propagation velocity and 
consumed energy; (2) examining the extent of microstructural damage produced in a specimen 
before and after loading tests; and (3) investigating the relationship between KIC and consumed 
energy used for rock failure at three different bedding orientations (divider, arrester, and short 
transverse) in calcite-cemented sandstone specimens. Consequently, our results can provide 
insights into the design and safety improvement of geostructures.   
3.3 Materıals and methods 
3.3.1 Sample preparation  
Calcite-cemented sandstone blocks used in this study were quarried from Monroe 
County, Indiana. The rocks at this site belong to the sedimentary formations of Buffalo Wallow 
group of upper Mississippian age about 320–325 Ma. The rock formation in Buffalo Wallow 
group comprises of alternating layers of sandstone, shale, and limestone (Thompson et al. 2013). 
Rock samples for this study were prepared from rock blocks of calcite-cemented sandstone (1 m 
× 1 m × 1.2 m) by drilling both parallel and perpendicular directions to the bedding plane. The 
diameter of the drilled cores was 57.1 mm. Samples were prepared to measure their porosity, 
density, P- and S-wave velocity, uniaxial compressive strength (UCS), indirect tensile strength 
(BTS), and mode I fracture toughness by using cracked chevron notched Brazilian disk 
(CCNBD). The length-to-diameter (L/D) ratios of specimens for UCS, BTS and CCNBD tests 
were 2.3, 0.5 and 0.47 respectively in accordance with ASTM and ISRM standards (Fowell and 
Xu 1994; ASTM D4543-08 2008; ASTM D7012-14 2014; ASTM D3967-16 2016). The samples 
were divided into two groups, and each group was then incubated in a dry oven (105°C) for 24 h 
or furnace (500°C) for 250 min before loading tests. The heating rate in the oven was maintained 
42 
 
at 2.3°C min-1 until reaching 105°C, and the specimens were kept at a constant temperature of 
105°C for 24 h. The specimens were slowly cooled in the oven to room temperature (RT). The 
heating rate in the furnace was 6.6°C min-1 until reaching 500°C.  
The specimens were then kept at a constant temperature of 500°C for 250 min and slowly 
cooled in the furnace to RT. 
3.3.2 Porosity and density measurements 
The porosity and density of the calcite-cemented sandstone specimens were estimated 
using the ISRM suggested method using saturation and caliper techniques (Franklin 1979; Kim 
and Changani 2016). The porosity of a rock is the ratio of pore volume to the total volume, so the 
porosity can be calculated as follows: 
Porosity, 𝑛 = 𝑉𝑣𝑉 ∗ 100% = (𝑀𝑠𝑎𝑡 −𝑀𝑑𝑟𝑦𝜌𝑤 )𝑉 ∗ 100%                                                               (3.1) 
where Vν is the pore volume, V is the total volume, Msat is the mass of a saturated sample, Mdry is 
the mass of a dry sample, and ρw is the density of water.  
 The density of a rock is the ratio of mass to the total volume and can be calculated as 
follows:  
Density, ρ = 𝑀𝑉                                                                                                                                    (3.2) 
where M is the mass of a sample, and V is the total volume. The porosity and density of oven- 
and furnace-dried samples are shown in Table 3.1. 
Table 3.1 Porosity and density of calcite-cemented sandstone specimens. The values in 
parentheses are the standard error of the mean (SEM, n = 6). 
Bedding orientation Porosity (%) Furnace dried density (kN m-3) 
Oven dried density 
(kN m-3) 
Perpendicular 8.53 (± 0.06) 23.0 (± 0.03) 23.2 (± 0.04) 
Parallel 8.25 (± 0.05) 23.0 (± 0.06) 23.2 (± 0.05) 
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3.3.3 P- and S-wave velocity measurements 
P- and S-wave velocity measurements for calcite-cemented sandstone specimens were 
performed using Tektronix TM 503 equipment according to the ASTM D2845 standard (ASTM 
D2845-08 2008) with a diameter of 57.1 mm and a L/D ratio of 2.3. P- and S-wave velocities of 
each specimen were calculated using the formula: 
P and S wave velocity (ms ) = Length of specimen (m)Transit time (s)                                                         (3.3) 
Dynamic Young’s modulus (Edy) was also calculated using the measured P- and S-wave 
velocities using equation 4.4 (Table 3.2). 
𝐸dy = 𝜌𝑉𝑠2(3𝑉𝑝2 − 4𝑉𝑠2)(𝑉𝑝2 − 𝑉𝑠2)                                                                                                                       (3.4) 
where Vp is the P-wave velocity, and Vs is the S-wave velocity.  
Table 3.2 P- and S-wave measurements of calcite-cemented sandstone specimens. The values in 
parentheses are SEMs (3 ≤ n ≤ 6). * P < 0.05 (Student’s one-tailed t-test).  
Condition Bedding orientation 
P-wave 
velocity (m s-1) 
S-wave 
velocity (m s-1) 
Dynamic Young’s 
modulus (GPa) 
Oven dried Perpendicular 2691.9 (± 31.7) 1880.1 (± 23.1) 16.8 (± 0.4) 
Furnace dried Perpendicular 2352.7 (± 6.5) 1617.6 (± 7.3) 12.7 (± 0.1) 
p-value  < 0.01 * < 0.01 * < 0.01 * 
Oven dried Parallel 2841.5 (± 34.3) 1877.1 (± 23.5) 18.2 (± 0.4) 
Furnace dried Parallel 2402.4 (± 4.8) 1592.4 (± 15.2) 13.0 (± 0.1) 
p-value  < 0.01 * < 0.01 * < 0.01 * 
 
3.3.4 Uniaxial compressive strength and Brazilian tensile strength tests 
UCS and BTS tests were performed with a servo-controlled hydraulic rock compression 
system (MTS). The compression system has a maximum axial force of 980 kN. Displacement 
control mode was used for tests, and each specimen was loaded to failure at a displacement rate 
of 0.01 mm s-1. In addition to UCS and BTS, brittleness (B1 = σc/σt) and tangent Young’s 
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modulus (Et50) were also computed. Et50 was computed from the stress-strain curves obtained 
after UCS tests. Et50 corresponds to the slope of the stress-strain curve at 50% of the peak load. 
3.3.5 X-Ray Diffraction measurement for rock mineral and clay composition analyses  
For X-Ray Diffraction (XRD) mineral analysis of calcite-cemented sandstone including 
clay fraction, about 5 g of rock specimen was disaggregated with a mortar and pestle, transferred 
to reagent grade isopropyl alcohol, and ground using a McCrone micronizing mill for 5 min. The 
resultant powder was dried, disaggregated, and back-loaded into an aluminum sample holder to 
produce a whole-rock mount. A separate split of a hand-ground sample was dispersed in a dilute 
sodium phosphate solution using a sonic probe. The suspension was centrifugally size-
fractionated to isolate clay size (< 4-micron electrostatic discharge) materials for a separate clay 
fraction mount. The suspension was then vacuum-deposited on a silver membrane filter to 
produce an oriented clay mineral aggregate. Membrane mount was attached to a stainless-steel 
slug and exposed to ethylene glycol vapor for a minimum of 24 h. 
XRD analysis was performed with an automated powder diffractometer equipped with a 
Cu radiation source (40kV, 40mA) and a solid state or scintillation detector. The whole-rock 
specimen was analyzed over an angular range of 2−70° two-theta (2θ) at a rate of 1° min-1. The 
ethylene glycol solvated clay-fraction mount was analyzed over an angular range of 2−40° (2θ) 
at a scan rate of 1.5° min-1. The quantitative determinations of whole-rock and phyllosilicate 
mineral amounts were carried out utilizing integrated peak areas (derived from peak-
decomposition / profile-fitting methods) and empirical reference intensity ratio (RIR) factors 
determined specifically for the diffractometer used in data collection. The total clay mineral 
abundance was assessed from the whole-rock XRD pattern using combined {00l} and {hkl} clay 
mineral reflections and empirical RIR factors. The XRD pattern from the ethylene glycol 
solvated clay-fraction sample was also analyzed as described above.  
3.3.6 Cracked chevron notched Brazilian disk tests 
Twenty-eight CCNBD specimens were tested in accordance with the ISRM suggested 
standard (Fowell 1995) to examine mode I fracture toughness (KIC). These specimens were 
initially divided into two groups and incubated in the oven and furnace as described above. Each 
group of the specimens was further divided into three groups based on the orientation of a 
chevron notch with respect to the bedding planes – divider (D), arrester (A) and short transverse 
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(ST) (Figure 3.1A) (Schmidt 1976). The dimensions of a chevron notch and specimens tested for 
fracture toughness were prepared according to the specifications proposed by ISRM (Fowell 
1995). In this study for calcite-cemented sandstone discs, average thickness (B) was 26.5 mm, 
initial chevron crack notch half-length (a0) was 6.5 mm, final chevron notched crack half-length 
(a1) was 22.4 mm, and radius (R) was 28.5 mm as illustrated in Figure 3.1B. Care was taken 
while preparing the specimens so that the ratios (α0 = a0/R, α1 = a1/R and αB = B/R) fall within 
the ranges outlined in the ISRM suggested method to obtain reliable results. Each specimen was 
loaded at a displacement rate of 0.01 mm s-1 so that rock failure could occur within 20 s of initial 
load application as suggested by ISRM. 
 
Figure 3.1 Sample geometry and bedding plane orientations of CCNBD specimens. (A) Three 
bedding plane orientations of CCNBD samples (divider, arrester, and short transverse) and (B) 
geometry of CCNBD specimen recommended by ISRM modified from Fowell (1995). 
 The peak load (Pmax) was noted, and mode I fracture toughness was calculated using the 
formula: 
KIC = 𝑃𝑚𝑎𝑥𝐵. √𝐷 . 𝑌∗𝑚𝑖𝑛                                                                                                                           (3.5) 
where D is the diameter of the specimen,  𝑌∗𝑚𝑖𝑛 is the critical dimensionless stress intensity 

























The entire testing process was recorded using two calibrated cameras for a digital image 
correlation (DIC) (Figure 3.2). The cameras used for DIC capture 15 frames-per-second (fps). 
The DIC camera recording was synchronized with the MTS system to monitor the exact time and 
load corresponding to crack initiation and development. The images obtained with the DIC 
cameras were used for both strain and crack propagation velocity measurements in each 
specimen. 
3.3.7 Microcrack measurements with environmental scanning electron microscope 
To detect microcracks in specimens, FEI Quanta 600I environmental scanning electron 
microscope (ESEM) was employed. ESEM images were taken under a high vacuum chamber 
pressure of 0.9 Torr after coating each specimen with a thin gold film layer.  
 







Figure 3.3 Locations selected for ESEM observation on the failure surface of rock specimens. 
(A) Cartoon of CCNBD specimen and (B) cartoon of cross-sectioned CCNBD specimen. Each 
number indicates the location selected for ESEM observation on the failure surface of rock 
specimen. 
ESEM images were taken from each representative sample based on temperature 
conditions (oven- and furnace-dried) and notch orientations (divider, arrester and short 
transverse) after CCNBD tests. ESEM images were collected directly on the failure surface of 
each specimen at 10 selected locations as illustrated in Figure 3.3. To assess crack density 
present in rock specimens, ESEM images with 50 or 100 μm magnification were used (Figure 
3.4 and Figure 3.5).  
Additionally, microcrack density of oven- and furnace-dried samples before CCNBD 
tests were calculated to compare microcrack density before and after CCNBD tests. The crack 
density calculation was performed as follows. First, all microcracks (intragranular, intergranular 
and transgranular cracks) were manually identified from ESEM images. Each microcrack was 
then traced using different colors and line length using Microsoft Paint software. The crack 
density of each microcrack type was measured using a MATLAB code written for ESEM image 











total length (μm). Finally, the crack density was calculated by dividing the total length with the 
area of each ESEM image.  
3.4 Results and discussion 
3.4.1 Calculation of fracture toughness   
Two types of cracks – primary and secondary cracks – were observed during CCNBD 
tests on calcite-cemented sandstone specimens. Primary cracks originated from chevron notch 
tips (inside the specimen body) and propagated outwards to the top and bottom periphery of a 
specimen, while secondary cracks originated from the top and/or bottom periphery of a specimen 
and propagated inwards to meet the chevron notch (Figure 3.6). The initiation and development 
of primary and secondary cracks occurred at different points on a force-time graph (Figure 3.7). 
A force-time graph and a major strain contour plot for the representative specimen were 
compared and presented here. The major strain contour plot correlated with DIC image analysis 
displays the location and time of initiation and development of primary and secondary cracks 
(Figure 3.8). From DIC images, primary cracks were initiated from chevron notch tips at early 
stages of loading at ~12.5 s (Figure 3.8A) and developed fully within 5 s (Figure 3.8B). The 
initial peak at the force-time graph corresponds well with primary crack initiation and 
development. The secondary cracks were then initiated after a delay of 2−3 s from the top and 
bottom periphery of the specimen (Figure 3.8C).  
In this case, four secondary cracks were detected at various time periods starting 20 s. All 
secondary cracks were fully developed at 28 s (Figure 3.8D), and eventually the specimen was 
split into two halves at ~32 s (Figure 3.7). As the peak load obtained from the test was largely 
due to the formation of secondary cracks, the initial peak at each force-time graph was used to 
calculate KIC values of calcite-cemented sandstone specimens.  
Previous studies does not differentiate the initial peak load and final peak load for calcula
ting the fracture toughness value of rocks (Ghamgosar et al. 2015; Mahanta et al., 2016).  This ca






Figure 3.4 Microcracks observed in calcite-cemented sandstones near the specimen notch taken 
with ESEM in three bedding directions. (A), (C), and (E) images were taken from oven-dried 
specimens, and (B), (D), and (F) images were taken from furnace-dried specimens (IE: 
intergranular crack, IA: intragranular crack, TG: transgranular). 
A B
Oven dried Furnace dried 
Divider Divider
Arrester Arrester





























Figure 3.5 Microcracks observed in calcite-cemented sandstones near the specimen edge taken 
with ESEM in three bedding directions. (A), (C), and (E) images were taken from oven-dried 
specimens, and (B), (D), and (F) images were taken from furnace-dried specimens (IE: 
intergranular crack, IA: intragranular crack, TG: transgranular). 






































Figure 3.6 Primary and secondary cracks observed during CCNBD test. 
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Figure 3.8 Major strain contour plots from DIC analysis showing the primary and secondary 
crack initiation and development corresponding to the points shown in a force-time graph in 
Figure 3.7. (A) primary crack initiation at 12.5 s, (B) fully developed primary crack at 17 s, (C) 
secondary cracks initiation at 20 s, and (D) fully developed secondary cracks at 28 s. Primary 
and secondary cracks are indicated by line and dot arrows, respectively. 
3.4.2 The effect of heat on mode I fracture toughness along bedding orientations 
Figure 3.9 shows mode I fracture toughness (KIC) values of calcite-cemented sandstone 
specimens incubated in the oven or furnace with respect to bedding plane orientations (divider, 
arrester and short transverse). For divider and short transverse specimens, KIC in oven dry 
condition was significantly higher (~ 30% and ~14%, respectively) than furnace dry condition 
(Figure 3.9A). The results clearly indicate that heat treatment on calcite-cemented sandstones 
reduces mode I fracture toughness. Importantly, it is noticeable that P- and S-wave velocities 
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significantly decreased in furnace dried samples when compared with oven dried samples (Table 
3.2), supporting the evidence that more microcracks are generated in the furnace dry condition 
than the oven dry condition since the elastic wave velocity can be reduced by microcracks 
(Rathore et al. 1995; Nasseri et al. 2007; Chaki et al. 2008). 
 
Figure 3.9 Mode I fracture toughness (KIC) of oven dried (control) and furnace dried CCNBD 
specimens along the three bedding plane orientations based on peak load. Comparisons of KIC 
between (A) temperature conditions and (B) bedding orientations. * P < 0.05 (Student’s one-
tailed t-test). Error bars show standard error of the mean (SEM, 4 ≤ n ≤ 6). 
However, for arrester samples, the reduction of KIC in furnace dry condition was not 
statistically significant when compared with oven dry condition (Figure 3.9A). Additionally, 
divider samples in both oven and furnace dry conditions revealed higher KIC values than arrester 
and short transverse specimens (Figure 3.9B). The results suggest that the effect of heat on mode 
I fracture toughness depends on bedding plane orientations.    
Rock brittleness (B1) can be calculated with compressive strength (σc) over tensile 














































appeared the brittleness of calcite-cemented sandstone samples in furnace dry condition 
increased ~30% when compared with oven dry condition (Table 3.3).  
Table 3.3 Uniaxial compressive strength (UCS), Brazilian tensile strength (BTS), and tangent 
Young’s modulus (Et50) for calcite-cemented sandstone specimens under various temperature 
conditions and bedding plane orientations. The values in parentheses are the SEMs (n = 3). * P < 
0.05 (Student’s one-tailed t-test). 
Condition Bedding orientation UCS (MPa) BTS (MPa) 
Brittleness 
(B11 = σc/σt) Et50 (GPa) 
Oven dried Perpendicular 97.6 (± 0.7) 7.2 (± 0.5) 13.5 10.4 (± 0.03) 
Furnace dried Perpendicular 93.4 (± 2.3) 5.2 (± 0.1) 18.0 10.1 (± 0.09) 
p-value  > 0.08 < 0.01 * - < 0.02 * 
Oven dried Parallel 92.1 (± 2.7) 6.6 (± 0.1) 14.0 10.1 (± 0.17) 
Furnace dried Parallel 89.0 (± 1.1) 4.9 (± 0.2) 18.1 9.7 (± 0.06) 
p-value  > 0.17 < 0.01 * - < 0.04 * 
Interestingly, compressive strength did not statistically differ between oven- and furnace-
dried samples in both parallel and perpendicular bedding orientations as p-values were higher 
than 0.05. In contrast to compressive strength, tensile strength in furnace dried samples was 
greatly reduced when compared with oven-dried samples. Therefore, the increase of rock 
brittleness by heat is mainly due to the reduction of tensile strength. To sum up, heat treatment 
can increase rock brittleness while decreasing mode I fracture toughness. Based on force-
displacement curves, Ghamgosar et al. (2015) demonstrated that the fracture toughness of 
Brisbane laminated sandstone samples increased with decreasing brittleness (Ghamgosar et al. 
2015). Thus, our results are consistent with Ghamgosar et al. (2015), supporting the evidence 
that rock fracture toughness is negatively correlated with its brittleness. 
The tangent Young’s modulus (Et50) of oven dried specimens is ~4% higher than furnace-
dried specimens in both parallel and perpendicular bedding orientations. From the stress-strain 
curves the initial Young’s modulus of both oven- and furnace-dried samples in both parallel and 
perpendicular bedding orientations was determined. Initial Young’s modulus of oven dried 
sample in parallel and perpendicular bedding orientations was 4.5 GPa and 5.2 GPa, respectively. 
For furnace-dried samples, the initial Young’s modulus in parallel and perpendicular bedding 
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orientations was 3.2 GPa and 3.6 GPa, respectively. Interestingly, between oven- and furnace-
dried samples in both parallel and perpendicular bedding orientations, variation in the initial 
Young’s modulus was higher than the tangent Young’s modulus. The initial  Young’s modulus of 
oven dried specimens is ~30% higher than furnace-dried specimens in both parallel and 
perpendicular bedding orientations. The significant variation in the initial  Young’s modulus 
values between oven dried and furnace dried samples can be attributed to the difference in the 
microstructural damages created in the samples. Furnace drying of calcite-cemented sandstone 
increased the density of microcracks and the enlargement of voids. This is proved from the P- 
and S-wave measurements of calcite-cemented sandstone specimens after furnace drying (Table 
3.2), as the longitudinal wave velocities decreased significantly when the samples are furnace 
dried compared to oven-dried samples. The results from our study agree well with the previously 
reported literature values (Kus, 2017; Liang et al., 2006; Liu and Xu, 2015; Tian et al., 2014). 
3.4.3 Heat-induced microcracks along bedding orientations  
Microcracks are planar discontinuities with length less than 1000 µm (one to several 
grain diameters) (Kranz 1983). In rocks, microcracks can be formed due to stresses arising from 
loads (static, quasi-static and dynamic) and heat (Z.X. Zhang et al. 1999; Brantut et al. 2012). 
Microscale rock cracks can be subdivided into intragranular (IA), intergranular (IE) and 
transgranular (TG) microcracks (Simmons and Richter 1976). An IA microcrack is relatively 
shorter than the grain diameter and lies totally within the grain. Thermally or mechanically 
induced IA microcracks can be distinguished by their sharp walls as well as their narrow and 
tapered tips (Kranz 1983) (Sprunt and Brace 1974). An IE microcrack runs close to and 
subparallel to the grain boundary and can be continuous along several grain boundaries In 
contrast a TG microcrack extends from a grain crossing into one or more grains (Fujii et al. 
2007).  
Before CCNBD tests, the total microcrack density of furnace-dried calcite-cemented 
sandstones was not statistically higher (< 10%) than oven-dried samples when observed with 
ESEM (Figure 3.10). This result suggests that surface microcracks are not generated significantly 
by heat treatment (500°C for 250 min) as ESEM is limited to observing surface cracks. Thus, this 
can support the conclusion that most thermal-induced microcracks appear to be internal cracks 
instead of surface cracks since the elastic wave velocity was reduced substantially in furnace-





Figure 3.10 Microcrack density (total length per area) for oven- and furnace-dried calcite-
cemented sandstone specimens before CCNBD tests. * P < 0.05 (Student’s one-tailed t-test). 
Error bar is SEM (n = 3). 
However, microcrack density obtained from each of 10 ESEM images after CCNBD tests 
was markedly higher (~70%) in furnace-dried divider specimens than oven-dried samples 
(Figure 3.11A). In general, IA microcracks at high temperatures over 400°C are created in rocks 
due largely to anisotropic thermal expansion of rock-forming minerals, and IE microcracks are 
generated due to thermal expansion mismatches at grain boundaries (Simmons and Cooper 1978; 
Fredrich and Wong 1986). From the XRD analysis of calcite-cemented sandstone samples, it was 
found that quartz is a major rock-forming mineral followed by plagioclase, calcite, dolomite, 
feldspar and clay minerals (Table 3.4).  
The volume expansion of quartz is four times greater than other minerals present in the 
rock, resulting in differential thermal expansion when subjected to thermal treatment 
(Siegesmund et al. 2008; Tian et al. 2012; Mahanta et al. 2016). High temperatures can lead to 
expansion along the crystallographic c-direction and contraction perpendicular to 
crystallographic c-direction in calcite (Lion et al. 2005; Yavuz et al. 2010). A certain portion of 
IA microcracks can thus be created by the anisotropic thermal expansion of calcite. Microcracks 
can also be created due to dehydration of clay minerals. Some researchers reported that high 
temperatures, 400°C or higher, can remove double-layer water from the smectite component of 
mixed-layer illite-smectite clay, resulting in shrinkage cracks in clay minerals (Graves et al. 
2002; Hajpál and Török 2004; Macbeth and Schuett 2007; Yavuz et al. 2010; Ranjith et al. 2012; 




Figure 3.11 Microcrack density (total length per area) for oven dried and furnace dried (A) 
divider, (B) arrester, and (C) short transverse specimens. Error bar is SEM (n = 10). 
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In this study, the percentage of clay minerals present in calcite-cemented sandstone was 
found to be ~19% based on the XRD measurement; thus, IA and IE microcracks present on 
failed specimens are highly likely to be caused by anisotropic thermal expansion of minerals, 
thermal expansion mismatches at grain boundaries, and dehydration of clay minerals as well as 
loading induced stresses.  
Table 3.4 XRD analysis result. 





Quartz 52.9 Corrensite 5.3 
K-Feldspar 4.2 Illite / smectite 1.2 
Plagioclase 9.5 Illite & Mica 3.6 
Calcite 7.6 Kaolinite 7.7 
Dolomite & Fe-Dolomite 5.9 Chlorite 1.4 
Pyrite 0.7 
  Total rock-forming minerals 80.8 Total Clay 19.2 
Table 3.5 shows various mechanisms which can cause microstructural changes/damages 
in calcite-cemented sandstone when the rock is treated to 500°C. In most of the rock-forming 
minerals and mineral-to-mineral contacts, microcracks are created due to anisotropic thermal 
expansion and differential thermal expansion. Anisotropic thermal expansion is the differences in 
thermal expansion along different crystallographic axes of a mineral. Differential thermal 
expansion is created due to differences in thermal expansion characteristics of various minerals 
in the assemblage of mineral grains in a rock (Somerton, 1992). Dolomite starts to dissociate at 
500°C creating microcracks inside the mineral. Dehydration and dehydroxylation of kaolinite 
mineral cause shrinkage cracks in clays. Dehydration of clay is the process of removing the 
absorbed water whereas, dehydroxylation of clay is the process of removing the chemically 
bonded water in the crystal structure (Frost and Vassallo, 1996). Thermal diffusion and melting 
of minerals were not observed due to short term heating (250 minutes) and a high melting point 
of minerals present in calcite-cemented sandstone. Rigopoulos and his coworkers reported that 
IA microcracks were gradually transformed or organized into TG microcracks during uniaxial 
compression testing (Rigopoulos et al. 2011). Increased microcrack density of the specimen by 
furnace heating can lead to more microcrack coalescence under stress, eventually causing the 
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sample failure. Based on ESEM images, mineral grains in furnace-dried specimens seem to be 
dislocated or uprooted from the matrix during the failure process when compared with oven-
dried specimens (Figure 3.4 and Figure 3.5). 
Table 3.5 Mechanisms behind the strength reduction in calcite-cemented sandstone after high-
temperature treatment (Tick mark indicates mechanism stated is present and cross mark indicates 
mechanism stated is absent). 
Mechanisms Quartz K-feldspar Plagioclase Calcite Dolomite Kaolinite 
Thermal 
dissociation 
x x x x √ x 
Anisotropic 
thermal expansion 
√ √ √ √ x x 
Differential 
thermal expansion 
√ √ √ √ √ x 
Dehydration and 
dehydroxylation 
x x x x x √ 
Transformation of 
minerals 
x x x x x √ 
Thermal diffusion x x x x x x 
Melting of 
minerals 
x x x x x x 
In contrast to divider samples, the thermal effect on arrester and short transverse 
specimens on microcrack generation was not significant after loading tests (Figure 3.11B and 
Figure 3.11C). The results suggest that the effect of heat on microcrack generation depends on 
bedding plane orientations. Currently, we do not fully understand the different thermal effect on 
microcrack generation dependent upon bedding directions, but it is likely that the thermal effect 
is greater when a bedding orientation exhibits higher fracture toughness since the fracture 
toughness of divider samples is higher than arrester and short transverse samples as shown in 
Figure 3.9B. 
3.4.4 Effect of heat treatment on crack propagation velocity along bedding orientations  
Primary crack propagation velocity was measured using the DIC images recorded during 
CCNBD tests. The average primary crack propagation velocity in furnace-dried arrester and  
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short transverse specimens was significantly lower, ~44% and ~61%, than oven-dried arrester 
and short transverse specimens, respectively (Figure 3.12).  
 
Figure 3.12 Primary crack propagation velocities for oven- and furnace-dried specimens along 
the bedding orientations. * P < 0.05 (Student’s one-tailed t-test). Error bar is SEM (4 ≤ n ≤ 6). 
In contrast, the effect of heat treatment on primary crack propagation velocity was not 
detected in divider specimens (Figure 3.12A). Intriguingly, the crack propagation velocity in 
both oven- and furnace-dried specimens varies with bedding plane orientations. The crack 
velocity was faster in short transverse specimens and slower in arrester, and intermediate crack 
velocity was observed in divider (Figure 3.12B). Since the bedding orientation of short 
transverse specimens is parallel to the loading direction while perpendicular in arrester 
specimens, the results support the evidence that bedding plane orientation is a critical factor in 
determining crack propagation velocity. In addition, it is noticeable that crack propagation 
velocity also depends on the strain energy release rate. According to Griffith, the strain energy 























































































extension (Griffith 1921). Based on the energy balance concept, the work done on the specimen 
as a load (boundary energy) is stored inside the specimen as strain energy until the specimen 
fails. When the specimen starts to fail, the strain energy is released to create new surfaces (Xu et 
al. 2016).    
 
Figure 3.13 Consumed energy for oven- and furnace-dried specimens along the bedding 
orientations. * P < 0.05 (Student’s one-tailed t-test). Error bar is SEM (4 ≤ n ≤ 6). 
Thus, the energy consumed during the failure process was examined for each specimen 
by calculating the area under the force-displacement curve measured during CCNBD tests. From 
the results, the average consumed energy in furnace-dried specimens reduced ~9%−23% 
depending on bedding directions (divider, arrester and short transverse) when compared with 
oven-dried specimens (Figure 3.13A). This supports the evidence that less energy is required in 
furnace-dried specimens for crack growth for creating new fracture surfaces than in oven-dried 
specimens. Also, bedding orientations significantly influenced the energy consumed for rock 







































short transverse specimens (Figure 3.13B). Thus, bedding plane orientation should be considered 
as a crucial factor in rock fracture processes and behaviors. Importantly, it should be noted that 
the consumed energy during the rock failure process is highly correlated with mode I fracture 
toughness in both oven- and furnace-dried samples (Figure 3.14). This result provides 




Figure 3.14 Correlation analysis between consumed energy and mode I fracture toughness (KIC) 
of oven- and furnace-dried specimens. Each data point represents the average value of consumed 
energy and KIC of divider, arrester or short transverse specimens in oven or furnace condition. 
3.5 Conclusions 
Since understanding rock fracture mechanics is important for the advanced design and 
construction of geostructures, we examined the effects of heat treatment on fracture properties 
such as fracture toughness, crack propagation velocity and consumed energy in calcite-cemented 
sandstone CCNBD specimens along three bedding orientations (divider, arrester, and short 
transverse) during loading tests. The main findings of this study are as follows: (1) mode I 
fracture toughness of calcite-cemented sandstone specimens was significantly reduced when 
incubated at high temperature (500°C), compared with low temperature (105°C), and the heating 
effect on the fracture toughness varied with bedding plane orientations. (2) Heat treatment 
increased rock brittleness, suggesting that the fracture toughness was negatively correlated with 





















was significantly higher in divider specimens than arrester and short transverse samples. (4) 
Primary crack propagation velocity was faster in short transverse specimens and slower in 
arrester in both oven- and furnace- dry conditions, and heat effect on the crack velocity was 
substantial in arrester and short transverse orientations. (5) The consumed energy during rock 
failure is highly correlated with the fracture toughness (R2 = 0.89). Thermal-induced fracture 
mechanics changes shown in this study are caused mainly by anisotropic thermal expansion of 
minerals, thermal expansion mismatches at grain boundaries, and dehydration rate of clay 
minerals. Consequently, the increased microcrack density due to furnace heating can lead to 
higher microcrack coalescence under stress, ultimately resulting in sample failure. The tests of 
furnace heated calcite-cemented sandstone samples agree with the idea that exposure of rocks to 
high temperature reduces its mechanical properties. Therefore, the results of our study provide 
insightful information for understandings of thermal effects on rock fracture mechanics along 
bedding plane orientations. 
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4.1 Abstract 
Water-induced strength reduction is one of the most critical causes for rock deformation 
and failure. Understanding the effects of water on the strength, toughness and deformability of 
rocks are of a great importance in rock fracture mechanics and design of structures in rock. 
However, only a few studies have been conducted to understand the effects of water on fracture 
properties such as fracture toughness, crack propagation velocity, consumed energy, and 
microstructural damage. Thus, in this study, we focused on understanding how microscale 
damages induced by water saturation affect mesoscale mechanical and fracture properties 
compared with oven dried specimens along three notch orientations — divider, arrester, and short 
transverse. The mechanical properties of calcite-cemented sandstone were examined using 
standard uniaxial compressive strength (UCS) and Brazilian tensile strength (BTS) tests. In 
addition, fracture properties such as fracture toughness, consumed energy and crack propagation 
velocity were examined with cracked chevron notched Brazilian disk (CCNBD) tests. Digital 
Image Correlation (DIC), a non-contact optical measurement technique, was used for both strain 
and crack propagation velocity measurements along the bedding plane orientations. Finally, 
environmental scanning electron microscope (ESEM) was employed to investigate the 
microstructural damages produced in calcite-cemented sandstone specimens before and after 
CCNBD tests. As results, both mechanical and fracture properties reduced significantly when 
specimens were saturated. The effects of water on fracture properties (fracture toughness and 
consumed energy) were predominant in divider specimens when compared with arrester and 
short transverse specimens. In contrast, crack propagation velocity was faster in short transverse 
and slower in arrester, and intermediate in divider specimens. Based on ESEM data, water in the 
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calcite-cemented sandstone induced microstructural damages (microcracks and voids) and 
increased the strength disparity between cement/matrix and rock-forming mineral grains, which 
in turn reduced the crack propagation resistance of the rock, leading to lower both consumed 
energy and fracture toughness (KIC).  
4.2 Introduction 
Crustal rocks are constantly exposed to a significant amount of water and various 
interstitial fluids (Fyfe et al., 1978b). In general, natural rocks contain water molecules ranging 
from a few ppm (part per million) to several hundred ppm, and some traces of water molecules 
exist as structural defects (Behrens and Müller, 1995). Structurally bound water (or hydrogen) 
can significantly influence the mechanical properties of minerals. Water is known to have a 
negative effect on mechanical properties, short- and long-term behavior of rocks (Hadizadeh and 
Law, 1991b; Schumacher and Kim, 2013; Verstrynge et al., 2014). The presence of water 
especially in clay-rich rocks weakens the cementing or matrix material, increases pore water 
pressure, and enhances water-clay interaction, leading to a reduction in strength by creating 
microstructural damage in rocks (Erguler and Ulusay, 2009; Karakul and Ulusay, 2013).  
For many decades, extensive research has been conducted to understand the effects of 
water on the strength and modulus of different rock types since understanding the effects of 
water on rock mechanics is critical to improve the design of geostructures. Some water-
weakening mechanisms have been proposed to explain the influence of water on rock strength 
and modulus (Kim and Changani, 2016; Le et al., 2014; Shakoor and Barefield, 2009). The 
water-weakening mechanisms can be mainly grouped into physical effects and chemical effects. 
The physical effects include capillary tension, surface energy reduction and increase in pore 
pressure (Hawkins and McConnell, 1992b; Vásárhelyi and Ván, 2006). The chemical effects of 
water are mostly by hydrolysis, dissolution, and oxidation (Feng et al., 2004; Weaver, 1989). 
Apart from strength and modulus, fracture toughness is also one of the most important intrinsic 
material properties and can vary with the water content of rocks (Liu and Chen, 2015). To assess 
rock fracture behaviors, fracture toughness has been widely used as a key indicator to estimate 
the resistance of rock to fracture, and several testing methods have been employed to determine 
the fracture toughness of rocks (Nasseri and Mohanty, 2008b). The theory of fracture toughness 
has been developed mostly on the assumption of linear elasticity (Detournay, 2016). Linear 
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elastic fracture mechanics can be expressed as the critical stress intensity factor (KIC), energy 
release rate (Gc), stress level (σ), and crack size (ɑ) using following equations: 
𝜎 = √𝐸𝐺𝑐 𝜋                                                                                                                                (4.1)   𝜎 = 𝐾𝐼𝑐 ( √𝜋 )                                                                                                                          (4.2)  
KIC represents critical stress intensity factor for plane strain condition, which is 
independent of sample thickness (still dependent on crack length and width) is a material 
constant (Anderson, 2017). KIC is referred to as ‘plane strain fracture toughness’ of a sample. 
There are always some levels of triaxiality along crack fronts except a very thin foil material 
where plane stress fracture typically occurs. Typical stress intensity factor (K)-controlled fracture 
occurs when a plastic zone is embedded within an elastic singularity zone for K. Although K is 
not valid as a characterizing parameter under fully plastic conditions, fracture toughness can be 
estimated with J integral or crack tip opening displacement (Labuz et al., 1985). In addition, T-
stress and cohesive zone model have been used with consideration of the plastic behavior of 
fracture mechanics (Gonzáles et al., 2017; Gupta et al., 2015; Knauss, 2015; Nara et al., 2011a; 
Tracy et al., 2015; Yoneyama et al., 2014). However, despite many studies of rock fracture 
behaviors with the changes of water contents (Feng et al., 2009; Lim et al., 1994b; Zhang, 2016), 
the effects of water on the fracture toughness, crack propagation velocity, and consumed energy 
have not been sufficiently studied depending on bedding plane anisotropy. 
Thus, in this study calcite-cemented sandstone specimens were tested to understand the 
effects of water on rock fracturing behaviors as calcite mineral is extremely sensitive to water. 
The presence of water in calcite minerals converts strong silica-oxygen bonds into much weaker 
hydrogen bonds, and this phenomenon occurs at crack tips under a load (Dyke and Dobereiner, 
1991b). The objectives of this study are to: (1) examine the reduction in mode I fracture 
toughness (KIC), consumed energy and crack propagation velocity in calcite-cemented sandstone 
due to water saturation, (2) discover the relationship between KIC and consumed energy, and (3) 
analyze microstructural damages produced in water-saturated specimens before and after loading 
tests. Consequently, our results in this paper provide insightful information for the advanced 
design and safety of geo- and infrastructures. 
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4.3 Materıals and methods 
4.3.1 Preparation of rock specimens 
Rock specimens for this study were prepared from a calcite-cemented sandstone block (1 
m × 1 m × 1.2 m) by drilling both parallel and perpendicular directions to the bedding plane. The 
diameter of drilled cores was 57.1 mm. Specimens were prepared to measure their porosity, 
density, uniaxial compressive strength (UCS), indirect tensile strength (BTS), and mode I 
fracture toughness by using cracked chevron notched Brazilian disk (CCNBD). Specimens were 
divided into two groups; first group was incubated in a dry oven (105°C) for 24 h. The heating 
rate in the oven was maintained at 2.3°C min-1 until reaching 105°C, and the specimens were 
kept at a constant temperature of 105°C for 24 h. The specimens were slowly cooled in the oven 
to room temperature (RT) and tested. The second group was soaked in water for 48 h inside a 
vacuum chamber (70 kPa vacuum pressure) before loading tests. After 48 h, the saturated 
specimens were taken out from the vacuum chamber, surface-dried using a paper towel and 
tested.  
4.3.2 Test methods 
Porosity and density of the calcite-cemented sandstone specimens were assessed using 
saturation and caliper techniques as suggested by ISRM and others (Kim et al., 2017). UCS, BTS 
and CCNBD tests were performed with a servo-controlled hydraulic rock compression system 
(MTS). The specimens for different tests were initially cut to the required length using a saw. 
The length-to-diameter (L/D) ratios of specimens for UCS, BTS and CCNBD tests were 2.3, 0.5 
and 0.47 respectively in accordance with ASTM and ISRM standards (ASTM D3967-16, 2016; 
ASTM D4543-08, 2008; Fowell and Xu, 1994). For CCNBD specimens, chevron notch was 
made with two cuts from both sides of the specimen using a diamond-cutting blade. After 
making the first cut, the specimen was rotated 180° along the diametrical axis to make the 
second cut. The cutting depth was determined according to the specimen diameter and the 
dimensionless geometric parameters such as α0, α1 or αB as suggested by Fowell and Xu (1994). 
Displacement control mode was used for all the tests, and each specimen was loaded to failure at 
a displacement rate of 0.01 mm s-1. UCS and BTS tests were conducted by dividing the 
specimens into two groups – according to the environmental condition (oven-dried and water-
saturated) and the orientation of bedding plane with respect to the loading direction (parallel and 
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perpendicular). The peak load (Pmax) after each test was noted for calculating the UCS and BTS 
values of calcite-cemented sandstone. Tangent Young’s modulus (Et50) was also computed using 
the stress-strain curves obtained from the UCS tests. 
CCNBD tests were conducted in accordance with the ISRM suggested standard (Chang et 
al., 2002; Fowell, 1995) to examine mode I fracture toughness (KIC). The specimens were 
divided into two groups; one group was oven-dried specimens and the other group was water-
saturated as described above. According to the orientation of chevron notch with respect to the 
bedding planes, each group of the specimens was further divided into three groups – divider, 
arrester and short transverse (Figure 4.1A) (Schmidt, 1976). Specimens for fracture toughness 
tests were prepared carefully as proposed by ISRM. In this study, for calcite-cemented sandstone 
discs, average thickness (B) was 26.5 mm, initial chevron crack notch half-length (a0) was 5.5 
mm, final chevron notch crack half-length (a1) was 22.3 mm, and radius (R) was 28.5 mm as 
illustrated in Figure 4.1B. 
 
Figure 4.1 Sample geometry and bedding plane orientations of CCNBD samples. (A) Three 
bedding plane orientations of CCNBD samples (divider, arrester, and short transverse) and (B) 
geometry of CCNBD specimen recommended by ISRM modified after Fowell (1995). 
4.3.3 Digital image correlation technique  
Digital Image Correlation (DIC) is a non-contact optical measurement technique (Lin and 





















quasi-brittle materials by a number of researchers recently (Nguyen et al., 2011). Some 
researchers used DIC to investigate the damage evolution and fracture mechanism of rocks under 
various conditions (Gao et al., 2015a; Zhou and Yang, 2007)). The basic concept of DIC is 
particle tracking which is used to determine the displacement of particles in a digital image. By 
comparing two images acquired at different deformation stages or displacement fields, strains 
over the surface of a deforming material can be assessed (La Rosa et al., 2017b; Song et al., 
2013). The entire CCNBD testing process in this study was recorded using two calibrated 
cameras for DIC with a recording speed of 15 frames-per-second (fps). The DIC camera 
recording was synchronized with an MTS system to monitor the exact time and load 
corresponding to crack initiation and development (Figure 3.2). The images obtained with the 
DIC cameras were used for both strain and crack propagation velocity measurements in each 
specimen. 
4.3.4 Microstructure and clay composition analyses of calcite-cemented sandstone 
FEI Quanta 600I environmental scanning electron microscope (ESEM) was employed to 
investigate the microstructural features of calcite-cemented sandstone specimens. One 
representative specimen (divider, arrester and short transverse) from each of oven-dried and 
water-saturated conditions was selected for ESEM observation before and after CCNBD tests. 
Each specimen was coated with a thin gold film layer, and ESEM images were taken under a 
high vacuum chamber pressure of 0.9 Torr. ESEM images were taken directly on the surface of 
unloaded specimens and on the failure surface of loaded specimens.  
X-ray diffraction (XRD) mineral analysis of the calcite-cemented sandstone was 
conducted to assess the mineral composition of the calcite-cemented sandstone including clay 
fraction. XRD analysis was performed with an automated powder diffractometer equipped with a 
Cu radiation source (40kV, 40mA) and a solid state or scintillation detector. The quantitative 
determinations of whole-rock and phyllosilicate mineral amounts were carried out utilizing 
integrated peak areas (derived from peak-decomposition / profile-fitting methods) and empirical 
reference intensity ratio (RIR) factors were determined specifically for the diffractometer used in 
data collection.  
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4.4 Results and discussion 
4.4.1 Effects of water on strength and modulus  
Geo-mechanical properties of calcite-cemented sandstone specimens are shown in Table 
4.1. The UCS and BTS of the calcite-cemented sandstone specimens in saturated condition 
decreased significantly when compared with the oven-dried condition. When specimens were 
loaded parallel to the bedding plane, the UCS and BTS were reduced ~52% and ~62%, 
respectively. Meanwhile, the UCS and BTS were decreased ~51% and ~58%, respectively, when 
specimens were loaded perpendicular to the bedding plane. In addition, 32% reduction in 
Young’s modulus (Et50) was observed in saturated condition when compared with oven dry 
condition in both parallel and perpendicular loading conditions. From the stress-strain curves the 
initial Young’s modulus of both oven-dried and water saturated samples in both parallel and 
perpendicular bedding orientations was determined. Initial Young’s modulus of oven dried 
sample in parallel and perpendicular bedding orientations was 4.5 GPa and 5.2 GPa, respectively. 
For water saturated samples, the initial Young’s modulus in parallel and perpendicular bedding 
orientations was 3.3 GPa and 3.5 GPa, respectively. The initial  Young’s modulus of oven dried 
specimens was ~31% higher than water saturated specimens in both parallel and perpendicular 
bedding orientations. Interestingly, variation in the initial Young’s modulus and the tangent 
Young’s modulus between oven dried and water saturated samples in both parallel and 
perpendicular bedding orientations was similar. The reduction in Young’s modulus (initial and 
Et50) due to water saturation can be attributed to the variation in induced porewater pressure in 
oven dried and water saturated specimens. Induced pore-water pressure can weaken the rock 
skeleton thereby, further decreasing the effective stress (Aldrich JR and Lane, 1969; Wasantha 
and Ranjith, 2014). The results support the conclusion that water saturation greatly decreases the 
mechanical strengths of the tested calcite-cemented sandstone specimens regardless of bedding 
plane anisotropy, showing that the tested calcite-cemented sandstone is very sensitive to water.  
The strength reduction in sandstones due to the presence of moisture has been extensively 
researched (Kim and de Oliveira, 2015; Kim et al., 2018; Mann and Fatt, 1960a). According to 
previous reports, the reduction in UCS ranged from ~10 to ~90%, Young’s modulus ranged from 
~10 to ~70%, and BTS ranged from ~11% to ~65% due to the presence of water. Several 
explanations were put forward to describe the effects of water on mechanical strength reduction 
in sandstones. Inherent microstructural features, such as the geometry of grain boundaries, pore 
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spaces, and grain-matrix relation (i.e. presence or absence of clayey matrix) were found to have 
considerable impacts on moisture-related strength reduction in sandstones. 
Table 4.1 Geo-mechanical properties of calcite-cemented sandstone specimens. The values in 















Oven-dried 8.3 (± 0.05) 
23.2          
(± 0.05) 
92.1             
(± 2.7) 
6.6            
(± 0.1) 






43.9             
(± 1.8) 
2.5             
(± 0.3) 
6.9                   
(± 0.22) 
Perpendicular 
Oven-dried 8.5 (± 0.06) 
23.2 
(± 0.04) 
97.6             
(± 0.7) 
7.2            
(± 0.5) 






47.7             
(± 0.1) 
3.0            
(± 0.1) 
7.2                   
(± 0.12) 
 
The presence of water in sandstones can induce stress corrosion which converts strong 
silica-oxygen bonds to much weaker hydrogen bonds: (–Si–O–Si–) + (H–O–H) = (–Si–OH·OH–
Si) (Zhou et al. 2018), indicating that water is one of key factors in reducing the mechanical 
strength of sandstones. 
Additionally, compressive strength, tensile strength, and Young’s modulus did not 
significantly differ between parallel and perpendicular bedding orientations in both saturated and 
oven-dried specimens based on p-values, since p-values were higher than 0.05 (data not shown). 
This indicates that the strength anisotropy of the tested calcite-cemented sandstone along 
bedding orientations is insignificant. 
4.4.2 Effects of water on mode I fracture toughness 
Fracture toughness (KIC) obtained from oven-dried and saturated calcite-cemented 
sandstone specimens along the three notch orientations (divider, arrester and short transverse) are 
shown in Figure 4.2. In divider specimens, KIC was significantly lower (~ 66%) in saturation 
condition than oven dry condition (Figure 4.2A). In arrester and short transverse specimens, KIC 
was ~52% and ~ 56% lower in saturated specimens than oven-dried specimens, respectively. The 
results clearly reveal that water can drastically decrease the fracture toughness of the calcite-
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cemented sandstone regardless of bedding plane directions. Water saturation of the calcite-
cemented sandstone can create more microcracks and void spaces, resulting in the strength 
disparity between cement and rock-forming mineral grains (Lin et al., 2005b). This supports the 
evidence that water can reduce the crack propagation resistance of the sandstone leading to lower 
KIC.   
 
Figure 4.2 Mode I fracture toughness (KIC) of oven dried (control) and saturated CCNBD 
specimens along the three notch orientations. Comparisons of KIC between (A) oven dry and 
saturated conditions and (B) notch orientations. * P < 0.05 (Student’s one-tailed t-test). Error 
bars show SEM (4 ≤ n ≤ 6). 
The KIC for divider specimens in oven dry condition was statistically higher than arrester 
and short transverse specimens (Figure 4.2B). In contrast, in the saturated condition, KIC did not 
statistically differ with respect to bedding plane orientations (divider, arrester and short 
transverse). The results suggest that water saturation can significantly decrease the anisotropic 
bedding effect on fracture toughness. To date, we do not fully understand why the effect of 
bedding plane orientations on fracture toughness is markedly greater in dry condition than 













































as fracture toughness is lower. Accordingly, we expect that other conditions such as heat, cycling 
loadings (fatigue), and repeated freeze and thaw which reduce fracture toughness can also 
weaken the effect of bedding plane orientations on fracture toughness. In the future, it is 
necessary to examine how the bedding effect on fracture mechanics is correlated with the 
changes in rock mechanical strengths. In addition, we do not fully understand what grains and 
grain boundaries are more sensitive to water, leading to the reduction of geomechanical 
strengths. Thus, it is also necessary to study what grains and grain boundaries play critical roles 
in the reduction of water-mediated geomechanical strengths. 
Additionally, it is noticeable that the effect of bedding orientations on mechanical 
strengths was not obvious in dry condition (Table 4.1); however, the effect on fracture toughness 
was statistically significant in dry specimens. The results clearly support the evidence that 
fracture toughness is more sensitive to bedding plane orientations when comparing to mechanical 
strengths, especially in dry condition. Conversely, rock fracturing processes can be substantially 
affected by bedding plane orientations; thus, it is critical to understand rock fracturing behaviors 
depending on bedding anisotropy.   
The consumed energy used in the failure process of the saturated divider, arrester and 
short transverse specimens was estimated by calculating the area under the load-displacement 
curve obtained during CCNBD tests. The energy consumed during the failure process in the 
saturated divider, arrester, and short transverse specimens was 81%, 69%, and 75% lower than 
that of oven-dried specimens. This supports the conclusion that water saturation reduces the 
crack propagation resistance of the rock, so less energy is required in saturated specimens for 
crack growth than in oven-dried specimens. In addition, consistent with KIC, consumed energy in 
water-saturated specimens did not significantly differ with respect to the three notch orientations 
(Figure 4.3).  
As the consumed energy and KIC in oven-dried and saturated specimens show quite 
similar patterns with the changes of the three bedding orientations, we analyzed the correlation 
between the consumed energy and KIC. Noticeably, the consumed energy during rock failure 
process is highly correlated with mode I fracture toughness (Figure 4.4), suggesting that more 
energy is required for breaking a rock with higher fracture toughness. For application aspects, 
this result provides insightful information to estimate the appropriate energy for rock aggregate 




Figure 4.3 Consumed energy for oven dry and saturated specimens along the three notch 
orientations. Comparisons of consumed energy between (A) oven dry and saturated conditions 
and (B) bedding plane orientations. * P < 0.05 (Student’s one-tailed t-test). Error bar is SEM (4 ≤ 
n ≤ 6). 
 
Figure 4.4 Correlation analysis between the consumed energy and mode I fracture toughness 
(KIC) of oven-dried and saturated samples. Each data point represents the average value of the 


























































4.4.3 Effects of water on crack propagation velocity 
Crack propagation velocity was measured using DIC images recorded during CCNBD 
tests. Initially, a strain contour plot was generated by comparing the DIC images acquired at 
different deformation steps. Crack tips can be identified as regions of maximum strain values in 
strain contour plots, and crack propagation velocity can be calculated by comparing the length of 
crack tips at different time frames. The crack propagation velocity in saturated specimens was 
found to be lower than oven-dried specimens. Significant reduction in crack propagation velocity 
was observed in short transverse specimens due to saturation. The average crack propagation 
velocity in saturated short transverse specimens was 73% lower than oven-dried short transverse 
specimens. In contrast, in divider and arrester specimens the reduction in crack propagation 
velocity was not statistically significant although the average crack propagation velocity in 
saturated divider and arrester specimens were 22% and 25% lower than oven-dried divider and 
arrester specimens, respectively (Figure 4.5). Intriguingly, the crack propagation velocity in 
saturated specimens varied with the three notch orientations. In saturated specimens, the crack 
velocity was faster in short transverse specimens and slower in arrester, and intermediate crack 
velocity was observed in divider even though the consumed energy and KIC were similar 
regardless of the bedding plane orientations (Figure 4.3B and Figure 4.2B). The results suggest 
that crack propagation velocity is mainly determined by bedding plane orientation rather than 
KIC or consumed energy in the saturated sandstone.  
Consistent with the saturated specimens, the order of the crack propagation velocity in 
the oven-dried specimens was short transverse, divider, and arrester. Currently, we do not 
completely understand why the crack propagation velocity is faster in short transverse and 
slower in arrester; however, it appears that bedding plane orientation is a critical factor in 
determining crack propagation velocity as the notch orientation of arrester specimens is 
perpendicular to the bedding orientation — slower crack velocity — while parallel in short 
transverse specimens — faster crack velocity. In other words, crack velocity is faster when the 
bedding plane orientation is the same direction as the crack propagation while the crack velocity 
is slower when the bedding orientation is perpendicular to the crack growth direction.  
From strain contour images, it was observed that crack initiation in saturated specimen 





Figure 4.5 Crack propagation velocities for oven dried and saturated specimens along the three 
notch orientations. Comparisons of crack propagation velocity between (A) oven dry and 
saturated conditions and (B) bedding plane orientations. * P < 0.05 (Student’s one-tailed t-test). 
Error bar is SEM (n = 10). 
In oven-dried specimen crack initiation started at stage 158 (t = 10.5 s), and the crack was 
fully developed at stage 178 (t = 11.8 s) (Figure 4.7). To sum up, the crack in the saturated 
specimen initiated at initial stages of loading but took more time for its full development (~3 s) 
while the crack in the oven-dried specimen initiated at a much later stage of loading and fully 
developed much quicker (~1.3 s). Our findings support the conclusion that when the calcite-
cemented sandstone is saturated, crack initiation occurs at lower stress, but crack development is 
slower when compared with oven-dried specimens. The test data are very interesting and 
important in two aspects: (1) if cracks are once initiated in oven-dry condition, rock mass failure 
can be quicker than in saturation condition, and (2) the rock mass failure can occur at lower 
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Figure 4.6 Crack propagation observed using DIC images in an exemplary saturated specimen 




Figure 4.7 Crack propagation observed using DIC images in an exemplary oven-dried specimen 
(A)–(D). The time shown here is from the start of loading. The arrow shows the crack front at 
different stages. 
Stage 86 (5.7 s) Stage 103 (6.8 s)
Stage 113 (7.5 s) Stage 132 (8.7 s)
(A) (B)
(C) (D)
Stage 158 (10.5 s) Stage 162 (10.7 s)





Here one may raise a question about how crack development is faster in dry condition 
than in saturated condition. The crack development occurs at lower stress in saturation condition 
than dry condition, so that crack propagation velocity is slower in saturated specimens than dry 
samples as shown in Figure 4.5. Also, one may wonder whether the loss of geomechanical 
strengths could be recovered when the saturated rock specimen was oven-dried again. We have 
not tested whether the effect of water saturation on the geomechanical strengths could a 
reversible process. The reduction of the geomechanical strengths by water saturation is mediated 
by multiple factors such as pore water pressure, clay expansion, and calcite dissolution. Pore 
water pressure and clay expansion could be reversible, but calcite dissolution could be an 
irreversible process. Thus, we predict that the water saturation effect could be somewhat 
recovered, but not completely recovered after oven-drying the saturated rock sample. 
4.4.4 Effect of water saturation on rock microstructure 
ESEM images were used for the assessment of microstructural damages produced by 
oven drying and water saturation before and after CCNBD tests. Qualitative assessment of 
microstructural damages based on ESEM images was performed for each group of specimens. 
ESEM images of water-saturated specimens before CCNBD tests showed significant differences 
in terms of microscale damages when compared with oven-dried specimens. Several voids were 
visible along the grain boundaries and on the exposed mineral surfaces in water-saturated calcite-
cemented sandstone specimens due to the dissolution and/or leaching of minerals (Figure 4.8). 
From the XRD data of the calcite-cemented sandstone, quartz was found to be the major 
rock-forming mineral followed by plagioclase, calcite, dolomite, K-feldspar, and clay minerals 
(Figure 4.9). Previous researches reported dissolution and/or leaching of K-feldspar and chlorite 
minerals from the rock in the presence of water/moisture. Circular holes are produced on the 
exposed K-feldspar mineral surface which enlarges to form ring-shaped structures and later 
develop into large holes (Eggleton and Buseck, 1980). Microcracks were also observed due to 
the expansion of clay minerals in the presence of water (Figure 4.8C). The clay mineral content 




Figure 4.8 ESEM images showing microscale damages in calcite-cemented sandstones due to 
water saturation. (A) Dissolution of K-feldspar mineral along the grain boundaries and on the 
exposed surface (B) void space created due to complete dissolution of mineral grain. Note the 
microcrack developed along the grain boundary connecting the void space (C) microcrack 
created due to expansion of clay minerals, and (D) partial dissolution of a mineral grain. 
Based on the volume fraction of clay minerals (Vclay), the calcite-cemented sandstone 
can be grouped into a transitional-support rock (15% < Vclay < 35%) (Dott Jr, 1964; Picard, 
1971). In transitional-support rocks, loads are more equally distributed among clay minerals and 
detrital grains, when compared with grain-support rocks containing clay minerals less than 15% 
(Vclay < 15%) (Kim et al., 2017; Plumb, 1994). Thus, relatively high clay content of the calcite-
cemented sandstone can enhance the effect of water on fracturing behaviors as well as the 
reduction of mechanical strengths.           
The clay of the calcite-cemented sandstone consists mainly of kaolinite and corrensite 
minerals along with mixed layer of illite-smectite and illite-mica. According to previous 
research, a volume expansion of 14% was reported in corrensite mineral in the presence of water 
(Lippmann, 1976). Mooney and his co-researchers reported that smectites were able to expand 
up to half of their mass in the presence of water (Mooney et al., 1952). When hydrated, the inner 





(Costanzo et al., 1984). In addition, water can penetrate the ditrigonal cavities of kaolinite and 
perturb inner OH groups creating microfractures (Xu et al., 2000). 
 
Figure 4.9 XRD analysis result of calcite-cemented sandstone. Each number in parenthesis 
indicates a percentage (%, w/w) value of rock or clay mineral. 
Table 4.2 shows various mechanisms which can cause microstructural changes/damages 
in calcite-cemented sandstone when the rock is water saturated. As explained in section 2.4.2, 
these individual or combination of factors can affect the strength of rocks due to water saturation. 
This depends on rock types, duration of saturation, presence or absence of impurities in water, 
temperature during saturation period, presence or absence of certain minerals and others. Stress 
corrosion of quartz mineral can cause microcracks in the minerals and along the quartz-based 
mineral-to-mineral contacts. The effect of stress corrosion will be minimal since the calcite-
cemented sandstone was water saturated only for 48 h. Microcracks can be created due to the 
dissolution of chlorite and K-feldspar minerals. Presence of water in the pores of the calcite-
cemented sandstone can induce significant pore pressures and capillary tension which can also 
create damage in the microstructure of the rock. Volume expansion of kaolinite and other clay 
minerals can also result in an increase in microcrack density in the rock. Slaking of minerals 





































Table 4.2 Mechanisms behind the strength reduction in calcite-cemented sandstone after water 
saturation (Tick mark indicates mechanism stated is present and cross mark indicates mechanism 





Stress corrosion √ (Dyke and Dobereiner, 1991a)  
Dissolution √ (Fyfe et al., 1978a)  
Capillary effect √ (Han and Dusseault, 2002)  
Surface energy reduction √ (da C Andrade et al., 1950)  
Slaking effect x (Anwar et al., 1998)  
Volume expansion √ (Costanzo et al., 1984)  
Pore pressure √ (Brace and Martin, 1968)  
 
Both qualitative and quantitative microstructural damages — based on ESEM images — 
were analyzed for specimens after CCNBD tests. Quantitative assessment of microstructural 
damages was performed by calculating the total microcrack density and microcrack area 
produced in the specimens after the CCNBD tests, which was conducted using MATLAB codes 
written for ESEM image processing. The microcrack density was calculated as the ratio of total 
crack length to total picture area (Figure 4.10A). The microcrack area produced in the specimens 
was expressed as the ratio of total microcrack area to the total picture area (Figure 4.10B). 
For microcrack density, the significant difference between oven-dried and saturated 
samples were not observed in divider and arrester. Surprisingly, in short transverse orientation, a 
decrease in microscale crack density (~25%) was observed in oven-dried specimens compared to 
saturated specimens, which was totally unexpected (Figure 4.10A). We expected water will 
increase microcrack density because water molecules can expand clays, increase pore pressure, 
and dissolve certain minerals in the rock. To understand how water saturation can decrease the 
microcrack density, we investigated the microcrack area. Interestingly, the microcrack area in 
water-saturated specimens for divider, arrester and short transverse was found to be ~77%, 
~34%, and ~100% larger than oven-dried specimens, respectively (Figure 4.10B). To sum up, 
water saturation can reduce the microcrack density and increase the microcrack area after 
CCNBD tests, when compared with oven dry condition. The results suggest that water saturation 




Figure 4.10 Microcrack density for oven-dried and water-saturated specimens. (A) Total 
microcrack density (total length per area) and (B) the ratio of total crack area to total picture area 
of oven-dried (control) and saturated CCNBD samples along three bedding orientations. * P < 
0.05 (Student’s one-tailed t-test). Error bars indicate SEM (n = 10). 
ESEM observation supports this interpretation. For saturated specimens, ESEM images 
showed that microcrack concentration was lower in mineral grains when compared to the matrix. 
The mineral grains were intact and suffered less damage (Figure 4.11B, D, and F). The 
microcracks along grain boundaries in water-saturated specimens were fully developed with 
considerable separation. The above observations prove that water saturation in the calcite-
cemented sandstone increased the strength disparity between cement and rock-forming mineral 
grains resulting in the rolling of grains along failure planes when loaded as opposed to fracturing 
through mineral grains (Hawkins and McConnell 1992). In addition, the coalescence of 
microcracks and linkage of adjacent void spaces were observed in water-saturated specimens 
(Figure 4.11D and F). In contrast, it seemed that more mineral grains were fractured in oven-


















































































separation of grain boundaries was not as widespread as in saturated specimens. However, in 
oven-dried specimens, microcrack coalescence was visible, but no void spaces were observed. 
Our findings provide insights into how water affects the stability of geostructures, especially in 
calcite-rich rocks since calcite is extremely sensitive to water. 
 
Figure 4.11 Microscale crack images of calcite-cemented sandstone after CCNBD test taken with 
ESEM in three bedding directions. (A), (C), and (E) images were taken from oven-dried 
specimens, and (B), (D), and (F) images were taken from water-saturated specimens (IE: 



















































In this study, the effects of water on fracturing behaviors were examined in the calcite-
cemented sandstone. Water saturation of the calcite-cemented sandstone was found to have a 
significant effect on geo-mechanical properties, mode I fracture toughness (KIC), consumed 
energy, and crack propagation velocity. The UCS, BTS and Young’s modulus (Et50) of the 
calcite-cemented sandstone specimens in saturation condition decreased significantly when 
compared with oven dry condition. Mode I fracture toughness (KIC) and consumed energy were 
substantially reduced when specimens were saturated. For divider, arrester and short transverse 
specimens, KIC in saturation condition was 66%, 52%, and 56% lower than oven dry condition, 
respectively. The average consumed energy in water-saturated divider, arrester and short 
transverse specimens were 81%, 69%, and 75% lower than the respective oven-dried specimens. 
The consumed energy during rock failure is highly correlated with the fracture toughness (R2 = 
0.89). The crack propagation velocity in saturated specimens was found to be lower than oven-
dried specimens. Overall the crack propagation velocity was faster in short transverse and slower 
in arrester, and intermediate in divider specimens although the consumed energy and KIC were 
similar regardless of the bedding plane orientations supporting the conclusion that crack 
propagation velocity is mainly determined by bedding plane orientation in the saturated calcite-
cemented sandstone. This suggests that bedding plane orientation should be seriously considered 
when examining fracturing behaviors and assessing the stability of geostructures. 
In addition, based on strain contour data, when the calcite-cemented sandstone is 
saturated, crack initiation occurs at lower stress, and crack development is slower when 
compared with oven-dried specimens. This is because the crack development occurs at lower 
stress in saturation condition than dry condition, consequently the crack propagation velocity is 
slower in saturated specimens than dry samples. Thus, it is concluded that if cracks are once 
initiated in oven-dry condition, rock failure can be quicker than in saturation condition. 
When loaded, more excessive microcrack coalescence and linkage of adjacent void 
spaces were observed in water-saturated specimens when compared with oven-dried specimens. 
Increased the strength disparity between cement and rock-forming mineral grains seemed to 
reduce the crack propagation resistance of the sandstone leading to lower consumed energy and 
KIC. Our findings in this study provide insights into understanding the effects of water on rock 
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EFFECTS OF WATER ON ROCK FRACTURE PROPERTIES AT A SUBFREEZING 
TEMPERATURE: STUDIES OF MODE I FRACTURE TOUGHNESS, CRACK 
PROPAGATION VELOCITY AND CONSUMED ENERGY IN  
CALCITE-CEMENTED SANDSTONE 
Modified from a paper submitted to the Journal of Geophysical Research - Planets 
 
Varun Maruvanchery and Eunhye Kim 
5.1 Abstract 
The idea of mining resources such as minerals beyond our planet has garnered great 
interest in recent years. Since the presence of water has been discovered on the Moon, Mars, and 
asteroids, understanding the effects of water on the strength, toughness, and deformability of 
rocks at subfreezing temperatures is of great importance to design appropriate tools for 
excavating permafrost extraterrestrial rocks. However, only a few studies have been conducted to 
investigate the effects of water on the mechanical and fracture properties of a rock at a 
subfreezing temperature. Thus, we focused on understanding how at a subfreezing temperature (-
50°C), water saturation affects the mesoscale (100 μm–10 cm) mechanical and fracture 
properties of rock along three bedding orientations: divider, arrester, and short transverse. The 
mechanical properties of rock were examined using uniaxial compressive strength and Brazilian 
tensile strength tests. Fracture properties such as fracture toughness, consumed energy, and crack 
propagation velocity were assessed using cracked chevron notched Brazilian disk tests. Digital 
image correlation was used for both the strain and crack propagation velocity measurements. The 
presence of water inside the calcite-cemented sandstone at the subfreezing temperature enhanced 
its mechanical strength and fracture properties. The increase in the mechanical strengths and 
fracture properties of frozen rock can be attributed to the combined strength of the rock and ice 
present in the pores and cracks of the rock. These results provide insightful information for the 




Recently, it has been reported that Mars is the only other planet in our solar system that 
has had liquid water on its surface (Diez, 2018). Previous missions to Mars have proven that a 
substantial amount of water in solid form is still present on the Martian sub-surface (Aharonson 
& Schorghofer, 2006; Gooding, 1978; Mellon & Jakosky, 1995; Mellon et al., 2004; Wilson et 
al., 2018). Gale Crater on the northwestern edge of the Aeolis quadrangle just below the Martian 
equator and the north polar plains has many signs showing the presence of water over its history. 
In 2015, the National Aeronautics and Space Administration’s (NASA) Mars rover Curiosity 
identified sedimentary rocks including mudstone, sandstone, and conglomerate sequences 
deposited in fluvial-lacustrine environments in Gale Crater (Heldmann et al., 2005; Rampe et al., 
2017; Yen et al., 2017). Measurements from the Viking and Mars Reconnaissance Orbiter 
revealed the average temperature on Mars, with the collective value being -55°C (Clancy et al., 
2000; Kleinbohl et al., 2009). The results from NASA’s previous Mars missions (including 
Phoenix and Curiosity) indicate the presence of ice-cemented ground (McKay et al., 2013).  
The presence of water inside a rock at subfreezing temperatures has a strengthening 
effect on its mechanical and fracture properties. Some researchers reported that at temperatures 
below freezing point, the presence of water inside a rock can increase its mechanical and fracture 
properties (Arakawa & Maeno, 1997; Dwivedi et al., 2000; Kochan et al., 1989; Liu & Miller, 
1979; Mellor, 1971; Petrovic, 2003; Podnicks et al., 1968). Mellor reported that in saturated and 
dried rocks, both the compressive and tensile strengths increased at different rates as the 
temperature decreased (Mellor, 1971). During the future Mars and space missions, scientists are 
proposing the idea to mine water and other critical minerals from the sub-surface of Mars and 
lunar regolith instead of carrying them from Earth. Zacny and his co-workers predicted the 
energy requirements for drilling and coring into permanently frozen extraterrestrial soils. 
According to them, the key potential issue with the sampling of extraterrestrial soils is the 
increase in the mechanical strength of saturated substrates at decreased temperatures (Zacny et 
al., 2008; 2009). Since the rocks on the surface of Mars will be exposed to subfreezing 
temperatures, understanding the mechanical and fracture behaviors of rocks at extremely low 
temperatures will be beneficial to the efficient extraction of extraterrestrial resources. 
Most previous research was directed towards understanding the mechanical properties of 
rocks under different temperatures below freezing point. To our best understanding, there are 
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some knowledge gaps particularly with respect to the fracture properties of rocks and energy 
consumed during the fracture process at subfreezing temperatures. Therefore, this study focused 
on (1) understanding the mechanical and fracture properties of dried and saturated rock at a 
subfreezing temperature, (2) calculating the energy consumed during the fracture process of 
dried and saturated rock at a subfreezing temperature, and (3) understanding the difference in 
fracture behaviors exhibited by dried and saturated rock at a subfreezing temperature. The results 
obtained from our study will be useful to the designing of appropriate methods and tools for 
excavating permafrost extraterrestrial rocks. 
5.3 Materials and methods 
5.3.1 Rock physical properties and specimen preparation 
In this study, calcite-cemented sandstone was chosen to be tested regarding its 
mechanical and fracture behavior at a subfreezing temperature. The average density of the rock 
is 23.2 kN/m3 and the average porosity is 8.5%. The geo-mechanical properties and chemical 
compositions of the rock have been reported in our previous papers (Maruvanchery & Kim, 
2018a; 2018b). Rock cores of 57.1 mm diameter were drilled from a calcite-cemented sandstone 
block both perpendicular and parallel to the bedding plane. The specimens for uniaxial 
compressive strength (UCS) were cut to a length of 123 mm (L/D = 2.1 mm; L is the length, and 
D is the diameter of the rock core). The specimens for indirect tensile strength (BTS) and 
cracked chevron notched Brazilian disk (CCNBD) tests were cut to a length of 21 mm (L/D = 0.4 
mm). The specimens for CCNBD tests were prepared according to the International Society of 
Rock Mechanics (ISRM) specifications (Fowell, 1995).  
All tests (UCS, BTS, and CCNBD) were conducted in accordance with American Society 
for Testing and Materials (ASTM) and ISRM standards (Fowell and Xu, 1994; ASTM D4543-
08, 2008; ASTM D3967-16, 2016). The UCS and BTS tests were conducted by dividing the 
specimens into two groups according to the orientation of their bedding planes with respect to 
the loading direction (parallel or perpendicular). According to the orientation of the chevron 
notch with respect to the bedding planes, the CCNBD specimens were divided into three groups: 
divider, arrester, and short transverse (Schmidt, 1976). 
The specimens were further sub-divided into two groups and were subjected to two 
different environmental conditions. The first group was incubated in a dry oven (105°C) for 24 
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hours. The second group was soaked in a water chamber for 48 hours inside a vacuum desiccator 
(70 kPa vacuum pressure). After the treatment, the specimens were submerged in liquid nitrogen 
for 15–25 min to reach the target temperature of -50°C or below. The experiments were 
conducted immediately after removing the specimens out from the liquid nitrogen. The 
temperature increase rate from the surface of the specimen was ~0.04°C s-1 during mechanical 
and fracturing tests when measured with an infrared (IR) camera. 
5.3.2 Experiment setup 
A servo-controlled hydraulic rock compression system (MTS) with a maximum axial 
force of 980 kN was used to perform the UCS, BTS, and CCNBD tests. The displacement 
control mode was used for all of the tests, and each specimen was loaded to failure at a 
displacement rate of 0.01 mm s-1. The axial force and displacement were recorded continuously 
throughout the tests by the MTS system. A digital image correlation (DIC) technique using two 
calibrated cameras was used to measure crack propagation velocity, displacement, and strain 
fields over the surface of the deforming specimens. The DIC camera recording was synchronized 
with the MTS system to monitor the exact time and force corresponding to crack initiation and 
development. An IR camera was used to measure the changes in surface temperature of each 
specimen over time (Figure 5.1). The UCS and BTS values of calcite-cemented sandstone were 
calculated from the recorded peak load (Pmax) after each test. Tangent Young’s modulus (Et50) 
was computed using the stress-strain curves obtained from the UCS tests. Mode I fracture 
toughness (KIC) was calculated based on the load at which the primary crack was fully 
developed in CCNBD specimen. This was observed from each image recorded using the DIC 
technique (see Section 5.2.3). 
5.4 Results and discussion 
5.4.1 Mechanical and fracture properties of frozen specimens  
UCS and BTS tests were performed at -50°C using oven-dried and saturated specimens. As 
described in Chapter 3, Section 3.3, UCS and tangent Young’s modulus (Et50) were measured 
both perpendicular and parallel to the bedding plane. Table 5.1 shows the average values of the 
UCS, Et50, and BTS of calcite-cemented sandstone specimens. The UCS of saturated frozen 
specimens increased ~12% and ~11% compared to the oven-dried frozen specimens when the 
specimens were loaded perpendicular and parallel to the bedding plane, respectively. The Et50 of 
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the saturated frozen specimens significantly increased ~22% and ~39% compared to the oven-
dried frozen specimens when loaded perpendicular and parallel to the bedding plane, 
respectively. 
 
Figure 5.1 Experimental setup of fracturing tests. 
The initial Young’s modulus of oven-dried frozen specimens in parallel and perpendicular 
bedding orientations was 6.2 GPa and 6.1 GPa, respectively. For water saturated frozen 
specimens, the initial Young’s modulus in parallel and perpendicular bedding orientations was 
13.5 GPa and 11.4 GPa, respectively. The initial Young’s modulus of water saturated frozen 
specimens was ~117% and ~88% higher than oven-dried frozen specimens in both parallel and 
perpendicular bedding orientations, respectively. For water saturated frozen specimens, a 
significant increase in the initial Young’s modulus can be attributed to the grouting effect of ice 
which fills the microcracks and pores of the specimen (Atkinson et al., 2018; Mellor, 1971). 
 Remarkably, the BTS of saturated frozen specimens increased significantly more than 
the oven-dried frozen specimens when loaded perpendicular and parallel to the bedding plane, 
~90% and ~133%, respectively. The results indicate that the mechanical strengths of the 
saturated sandstone are greater than the oven-dried sandstone at subfreezing temperatures, and 
the BTS is the mechanical strength that is most affected by water saturation at subfreezing 
temperatures.     
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Interestingly, in the oven-dried frozen specimens, all mechanical strengths (i.e., UCS, 
Et50, and BTS) perpendicular to the bedding plane were higher than the bedding plane was 
parallel (Table 5.1). However, in the saturated frozen specimens, the effect of the bedding plane 
orientation on the mechanical strengths was not obvious because the BTS and Et50 values were 
higher in the parallel plane while that of UCS was greater in the perpendicular plane. These 
results suggest that subfreezing temperatures can significantly weaken the effect of bedding 
plane orientation on rock mechanical strength when the moisture content is high. 
A significant difference in the average KIC values was observed between oven-dried 
frozen and saturated frozen sandstone specimens along the three notch orientations (divider, 
arrester, and short transverse). For divider specimens, the KIC in saturated frozen condition was 
significantly higher (~67%) than the oven-dried frozen condition (Figure 5.2). For the arrester 
and short transverse specimens, the KIC in the saturated frozen condition was ~96% and ~60% 
higher than the oven-dried frozen condition, respectively. Noticeably, the difference in average 
KIC values along the three bedding orientations was not significant at subfreezing temperatures 
regardless of the sandstone’s internal water content, suggesting that the bedding plane effect on 
fracture toughness can be nullified or significantly reduced at subfreezing temperatures.  
 
Figure 5.2 Mode I fracture toughness (KIC) of oven dried frozen (control) and saturated frozen 
CCNBD specimens along the three notch orientations. * P < 0.05 (Student’s one-tailed t-test). 
Error bars show standard error of the mean (SEM, 4 ≤ n ≤ 5). 
The results of this study support the evidence that the presence of water inside a rock 
under subfreezing temperatures enhances its mechanical strength and fracture properties. The 
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mechanical and fracture properties of oven-dried and saturated calcite-cemented sandstone along 
different bedding orientations tested at room temperature (RT; 22°C) were studied previously. 
The average UCS values of oven-dried specimens tested at RT when measured perpendicular and 
parallel to the bedding plane were 97.6 MPa and 92.1 MPa, respectively. The average BTS 
values of oven-dried specimens tested at RT when measured perpendicular and parallel to the 
bedding plane were 6.56 MPa and 6.56 MPa, respectively. In addition, the average KIC values of 
the oven-dried divider, arrester and short transverse specimens at RT were 0.64, 0.45, and 0.46 
MPam0.5, respectively. The average UCS of oven-dried frozen specimens (-50°C) increased 
~24% when compared to the oven-dried specimens tested at RT, while no increase in BTS was 
observed in the oven-dried specimens with a decrease in temperature. The KIC of the oven-dried 
frozen arrester and short transverse specimens increased ~32%, and no increase of the KIC was 
observed in the oven-dried frozen divider specimens. The increase of the UCS of the oven-dried 
frozen specimens seems to be due to the presence of frozen boundary water that was not 
removed during the oven-drying process. Therefore, it should be noted that the effect of frozen 
boundary water is significant in increasing the UCS, but its effect on the BTS was insignificant. 
Table 5.1 Geo-mechanical properties of frozen calcite-cemented sandstone specimens. The 
values in parentheses are the standard error of the mean (SEM, 3 ≤ n ≤ 6). * P < 0.05 where 













Perpendicular Oven-dried frozen 8.5 (± 0.06) 120.9 (± 5.9) 7.3 (± 0.3) 11.8 (± 0.3) 
  Saturated frozen   135.8 (± 6.6) 13.9 (± 1.9)* 15.2 (± 0.6)* 
Parallel Oven-dried frozen 8.3 (± 0.05) 111.5 (± 2.1) 6.4 (± 0.7) 11.2 (± 0.3) 
 Saturated frozen  123.4 (± 4.1)* 14.9 (± 1.5)* 15.6 (± 0.7)* 
Similarly, the average UCS values in saturated specimens tested at RT when measured 
perpendicular and parallel to the bedding plane were 47.7 MPa and 43.9 MPa, respectively. For 
saturated specimens tested at RT, the average BTS values along the perpendicular and parallel 
bedding planes were 3 MPa and 2.32 MPa, respectively. Additionally, the average KIC values of 
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the saturated divider, arrester and short transverse specimens at RT were 0.22, 0.21 and 0.2 
MPam0.5, respectively. Comparing the results from Table 1 shows that the UCS and BTS of the 
saturated frozen specimens increased ~185% and ~418%, respectively, when compared with the 
saturated specimens tested at RT. The KIC values in the saturated frozen divider, arrester, and 
short transverse specimens drastically increased ~356−444%. Mellor (1971) reported a dramatic 
increase in the UCS and BTS in saturated Berea sandstone under subfreezing temperatures 
(Mellor, 1971). Therefore, the strength increase observed in calcite-cemented sandstone is 
comparable with observations made by Mellor (1971). This dramatic increase in the mechanical 
strength and fracture toughness of saturated frozen specimens can be attributed to the 
transformation of pore water into ice, which can fill the cracks and pores of the rock as a solid 
material leading to a grouting effect (Atkinson et al., 2018; Mellor, 1971).  
5.4.2 Effect of freezing on fracture behaviors  
5.4.2.1 Uniaxial compression tests  
Previous studies have reported that the deformation behavior of rock is strongly related to 
its failure process (Bieniawski, 1967a, 1967b; Kodama, Goto, Fujii, & Hagan, 2013). To 
understand the deformation behavior of calcite-cemented sandstone at subfreezing temperatures, 
force-time curves were obtained after UCS tests of oven-dried frozen and saturated frozen 
specimens, compared, and studied (Figure 5.3A).  
For both specimens, the slope of the force-time curve in the initial stages of loading 
increased due to the closure of pores and cracks (until point A). In saturated frozen specimens, 
this stage was comparatively shorter because the pores and cracks were filled with ice. The 
second stage in the force-time curve was the linear region corresponding to elastic deformation 
(point B). It is noticeable that the elastic deformation region for saturated frozen specimens was 
shorter than that of oven-dried frozen specimens because water saturation can create additional 
microscale damages (microcracks and voids) inside the rock due to the dissolution of minerals 
and expansion of clays. These pre-existing microcracks (filled entirely/partially with ice) could 
open up during the loading, which caused a decrease in the slope of the force-time curve. After 
point B, a decrease in the slope of the force-time curve was observed. At this stage, new 
microcracks were formed and tended to propagate. This non-linear region in saturated frozen 
specimens was longer than that of oven-dried frozen specimens. This may be owing to the 
adhesive effect of the ice, which can restrict crack propagation and coalesce. Eventually, when 
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the peak force (point C) was reached, the microcracks coalesced and propagated rapidly. For 
oven-dried frozen specimens, the ability of the specimen to withstand the applied force decreased 
rapidly after point C, while for saturated frozen specimens, the ability of the specimen to 
withstand the applied force decreased gradually, leading to failure. After point C, the adhesive 
effect of the ice in saturated frozen specimens can no longer withstand the applied force. As a 
result, the peak force of saturated frozen specimens was approximately 1.2 times higher than that 
of oven-dried frozen specimens. The times to reach ultimate failure for oven dried-frozen and 
saturated frozen specimens were found to be 155 and 165 seconds, respectively. 
 
Figure 5.3 Force-time graph of a representative oven-dried frozen and saturated frozen UCS 
specimen (A). Failure mode of saturated frozen specimen (B) and oven-dried frozen specimen 
(C). Red circle indicates a spalling area of frozen specimen. 
In addition, the failure modes of oven-dried frozen and saturated frozen specimens under 
uniaxial compression tests were also different. For oven-dried frozen specimens, excessive 
spalling from the sides before ultimate failure was observed (Figure 5.3C). Cracks were formed 
in long and wide shapes, which ran parallel to the loading direction, and finally, oven-dried 
frozen specimens failed by tensile splitting. In contrast, for saturated frozen specimens, spalling 
or severe damage from the surface was not observed (Figure 5.3B) until the loading ends of the 






























saturated frozen specimens (Figure 5.3B and Figure 5.3C). The most possible scenario for this is 
the adhesion of the ice to the rock, which prevents spalling and the widening of cracks.  
5.4.2.2 Brazilian tensile tests  
Force-time curves obtained after BTS tests revealed a significant difference in the 
behavior of oven-dried frozen and saturated frozen specimens when subjected to indirect tension 
tests. In the initial stages of loading the force-time curve of both oven-dried frozen and saturated 
frozen specimens exhibited a non-linear behavior. A linear force-time curve portion indicating 
elastic deformation followed this non-linear deformation stage. For saturated frozen specimens, 
force-time curve again exhibited a non-linear portion before reaching peak force. However, this 
non-linear portion was absent in oven-dried frozen specimens. The slopes of force-time curves 
for both oven-dried frozen and saturated frozen specimens decreased rapidly after the peak 
forces (Figure 5.4A). The peak force for saturated frozen specimens was approximately 2 times 
higher than that of oven-dried frozen specimens. 
 
Figure 5.4 Force-time graph of a representative oven-dried frozen and saturated frozen BTS 
specimen (A). Failure mode of saturated frozen specimen (B) and oven-dried frozen specimen 
(C). Red circle indicates crushed zones of frozen specimen. 
The failure modes of typical oven-dried frozen and saturated frozen specimens under 
indirect tension tests are shown in (Figure 5.4B and Figure 5.4C). Both oven-dried frozen and 


























from the surface and excessive crushing was observed near to the loading ends before failure 
(Figure 5.4B). The time to ultimate failure for oven-dried frozen and saturated frozen specimens 
was 48 and 105 seconds, respectively. These results support the evidence that in saturated frozen 
specimens, the adhesive effect of ice prevents the widening of cracks and spalling, leading to 
increased ultimate mechanical strengths and failure times.  
5.4.2.3 Cracked chevron notched Brazilian disk tests 
In this paper, two different types of crack formation were also observed during the 
CCNBD tests on calcite-cemented sandstone specimens: primary and secondary cracks (Figure 
5.5). 
 
Figure 5.5 Force-time graph of a representative oven-dried frozen and saturated frozen CCNBD 
specimen (A). Failure mode of saturated frozen specimen (B) and oven-dried frozen specimen 
(C). White solid arrow shows primary cracks, white dotted arrow shows secondary cracks, and 
red circles indicate crushed zones of frozen specimen. 
Primary cracks originated from the chevron notch tips (inside the specimen body) and 
propagated outward to the top and bottom periphery of a specimen, in contrast, secondary cracks 
originated from the top and/or bottom periphery of a specimen and propagated inward to meet 
the chevron notch (Maruvanchery & Kim, 2018a). Force-time graphs of representative oven-
dried frozen and saturated frozen specimens are shown in Figure 5.5A. On a force-time graph of 
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at different points. The initial peak of the force-time graph corresponds to the primary crack 
initiation and development. This peak force was used to calculate the KIC of calcite-cemented 
sandstone specimens. The initial peak force for saturated frozen specimens was approximately 
two times that of the oven-dried frozen specimens. The average primary crack initiation time of 
the oven-dried frozen and saturated frozen specimens were 16.7 and 18.6 seconds, respectively. 
Secondary cracks originated either from the top and/or bottom periphery of a specimen only after 
the development of primary cracks. The subsequent peaks on the force-time graph correspond to 
the secondary crack initiation and development. Noticeably, for oven-dried frozen specimens, a 
sharp drop in the force-time graph was seen after the formation of secondary cracks, indicating a 
brittle failure mode. However, the force-time graph for saturated frozen specimens shows a 
smooth drop after the formation of secondary cracks, indicating a less brittle failure mode. 
Additionally, for oven-dried frozen specimens, the number of peaks on the force-time graph was 
fewer than that of the saturated frozen specimens, indicating a lower number of secondary cracks 
formed before failure. For oven-dried frozen specimens, a maximum of four secondary cracks 
was observed before failure while for saturated frozen specimens, a maximum of nine secondary 
cracks was observed. In addition, the time from the primary crack initiation to ultimate failure 
was remarkably different between oven-dried frozen and saturated frozen specimens. The 
average durations from the primary crack initiation to ultimate failure for oven-dried frozen and 
saturated frozen specimens were found to be 13.8 and 102 seconds, respectively. Durham and his 
co-workers reported that the deformation behavior of polycrystalline ice at temperatures greater 
than 180K (-93.15°C) was entirely ductile (Durham, Heard, & Kirby, 1983). Thus, our results 
support the conclusion that the extended force-time graph of saturated frozen specimens might 
be a combined behavior of ductile ice in the pore spaces and brittle calcite-cemented sandstone 
rock; in contrast, the oven-dried calcite-cemented sandstone exhibited more brittle deformation 
behavior at subfreezing temperatures.  
The failure modes of oven-dried frozen and saturated frozen CCNBD specimens also 
differed. In the entire oven-dried frozen specimens, the splitting mode of failure was observed 
(Figure 5.5C). For the saturated frozen specimens, secondary cracks interacted with each other, 
causing spalling from above and below the chevron notch (Figure 5.5B). As load increased, the 
loading ends of the saturated frozen specimens got flattened. This transformed the loading area 
of the specimens from line load to strip load. For all of the saturated frozen specimens, the 
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crushing mode of failure was observed, which was not detected in oven-dried frozen specimens 
(Figure 5.5B and Figure 5.5C). 
To sum up, from the UCS, BTS, and CCNBD test results and failure patterns, it is evident 
that at subfreezing temperature, the presence of water inside the calcite-cemented sandstone 
increased the strength and time-to-failure. For all saturated frozen specimens, loading ends 
suffered excessive crushing. The peak force and time-to-failure of saturated frozen specimens in 
UCS, BTS, and CCNBD tests were higher than those of oven-dried frozen specimens. 
5.4.2.4 Crack mouth opening displacement (CMOD)  
Crack mouth opening displacement (CMOD) is one of the key parameters used in elastic-
plastic fracture mechanics. In materials that exhibit time-independent, non-linear behavior 
(plastic deformation), the crack faces move apart prior to fracture (Atkinson, 1987). Inada and 
Yokota (1984) assumed that the increase in tensile strength of rock at subfreezing temperatures 
was due to the adhesive effect of ice present in the rocks’ pores. For CCNBD specimens, CMOD 
can give an indication of the adhesive effect of ice. The opening of the crack tip can be measured 
using the horizontal displacement contour plot acquired from the DIC technique at different 
stages of deformation (Figure 5.6). Two query points were selected on each side of the notch to 
measure the horizontal displacement for the entire crack development process. The CMOD was 
calculated by measuring a relative horizontal displacement of the two query points. 
 
Figure 5.6 Horizontal displacement contour of a typical CCNBD specimen. Oven-dried frozen 





Figure 5.7 shows force-time-CMOD graphs of oven-dried frozen and saturated frozen 
CCNBD specimens along three different notch orientations. The shaded area represents the time 
of primary crack development (including the time at which the primary crack was visible on the 
surface to the time at it was fully developed). CMOD tends to increase with force applied. For 
divider specimens, the maximum CMODs in oven-dried frozen and saturated frozen conditions 
were found to be 0.12 mm and 0.05 mm, respectively (Figure 5.7A and Figure 5.7D). For arrester 
specimens, the maximum CMODs in oven-dried frozen and saturated frozen conditions were 
0.08 mm and 0.06 mm, respectively (Figure 5.7B and Figure 5.7E). Similarly, the maximum 
CMODs of short transverse specimens in oven-dried frozen and saturated frozen conditions were 
0.08 mm and 0.05 mm, respectively (Figure 5.7C and Figure 5.7F). From the force-time-CMOD 
graphs, the CMODs for saturated frozen specimens were found to be lower than those of oven-
dried frozen specimens. This finding can be explained as follows: when pore-water inside the 
saturated specimens turns into ice at a subzero temperature, the ice holds the two cracked 
surfaces and prevents the specimen from splitting. This is evident from the fracture behavior of 
saturated frozen specimens (Figure 5.5) and force-time-CMOD graphs (Figure 5.7), as the force 
corresponding to the maximum CMOD of the saturated frozen specimens was higher than that of 
oven-dried frozen specimens. This supports the evidence that the adhesive effect of ice is a 
predominant force in saturated frozen rocks enhancing the mechanical strength and fracture 
properties. 
5.4.2.5 Combined strength of rock and ice 
According to some previous reports, when rocks were frozen, the total strength was a 
combination of rock and ice strengths (Dwivedi, Soni, Goel, & Dube, 2000; Inada & Yokota, 
1984). From the experiments conducted in this study, the UCS, BTS, Et50, and KIC of oven-dried 
frozen specimens can be considered rock strength, modulus, and fracture toughness at -50°C. As 
discussed in Section 5.4.2.1, the average values of the UCS of oven-dried frozen specimens 
when measured perpendicular and parallel to the bedding plane were 120.9 MPa and 111.5 MPa, 
respectively. The average values of the BTS of oven-dried frozen specimens along the 
perpendicular and parallel orientation to the bedding plane were found to be 7.3 MPa and 6.3 
MPa, respectively. The average values of the Et50 of oven-dried frozen specimens when 
measured perpendicular and parallel to the bedding plane were 11.8 GPa and 11.2 GPa, 
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respectively. The average KIC values of oven-dried frozen specimens were found to be 0.6 
MPam0.5. In the past, limited studies were conducted to understand the compressive strength, 
tensile strength, Young’s modulus, and mode I fracture toughness of ice at various temperatures 
below the freezing point (Arakawa & Maeno, 1997; Inada & Yokota, 1984; Liu & Miller, 1979; 
Petrovic, 2003). The experimentally determined strength of saturated frozen rock should fall 
within the range of combined rock and ice strength to support the hypothesis put forward by 
previous reports. 
 
Figure 5.7 Force-time-CMOD graphs of oven-dried frozen (A to C) and saturated frozen 
CCNBD specimens (D to F) along three different notch orientations. Shaded area indicates the 
time zone of crack development. 
Previous researchers have reported that the compressive strength of ice at -50°C ranged 
from 8.04–20 MPa (Arakawa & Maeno, 1997; Inada & Yokota, 1984). The combined UCS of 





























































































































































































































saturated frozen specimens when measured perpendicular and parallel to the bedding plane were 
135 MPa and 123.4 MPa, respectively. Young’s modulus of ice at -20°C ranged from 3–6 GPa 
(Arakawa & Maeno, 1997; Kodama et al., 2013). The Et50 values of saturated frozen specimens 
when measured perpendicular and parallel to the bedding plane were 15.2 GPa and 15.6 GPa, 
respectively, and they fall within the range of the combined rock and ice modulus. The mode I 
fracture toughness of ice at -50°C ranged from 0.1–0.47 MPam0.5 (Liu & Miller, 1979; Petrovic, 
2003). The range of combined rock and ice toughness could be in between 0.7–1.1 MPam0.5. The 
average KIC values of the saturated frozen divider, arrester, and short transverse specimens were 
1 MPam0.5, 1.17 MPam0.5 and 0.96 MPam0.5, respectively. The tensile strength of ice at -50°C 
was reported to be 2.45 MPa (Arakawa & Maeno, 1997; Inada & Yokota, 1984); thus, the 
combined tensile strength of rock and ice was supposed to be in the range of 8.75–9.75 MPa. 
However, unexpectedly the average values of the BTS of saturated frozen specimens when 
measured perpendicular and parallel to the bedding plane were 13.9 MPa and 14.9 MPa, 
respectively, which was out of the range of 8.75–9.75 MPa. The UCS, Et50, and KIC values of the 
saturated frozen rocks are within the range of the combined rock and ice strength, In contrast, the 
BTS of saturated frozen rock was higher than the combined rock and ice strength. To date, we do 
not fully understand the reason why the BTS of saturated frozen rock was significantly higher 
than the combined rock and ice strengths, but this suggests that the adhesive effect of ice is 
remarkably strong for tensile strength when compared to other rock mechanical and fracture 
properties.  
Table 5.2 Mechanisms behind the strength increase in water saturated frozen calcite-cemented 
sandstone (Tick mark indicates mechanism stated is present and cross mark indicates mechanism 





Grouting effect of ice √ (Mellor, 1971) 
Adhesive effect of ice √ (Dwivedi et al., 2000) 
Reduction in stress 
concentration in pores and 
around crack tip 
√ (Kodama et al., 2013) 
Compaction of material due to 
volume increase 
√ (Atkinson et al., 2018) 
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Table 5.2 shows various mechanisms which causes an increase in mechanical and fracture 
properties of water saturated frozen calcite-cemented sandstone. At low temperatures, pore water 
freezes and fills microcracks and pores of the rock with solid ice, effectively grouting the rock 
enhancing the rock strength (Atkinson et al., 2018; Mellor, 1971). The presence of ice causes a 
reduction in the stress concentration in the pores or microcrack tips in the rock thereby 
increasing the strength. The effect of ice as an adhesive material in saturated frozen rock also 
causes strength increase. As water in the pores and microcracks turns into ice, the volume 
expands, creating additional stresses in the pore walls. This in turn compacts the lose clay 
minerals creating a stiff matrix. A combination of all these mechanisms can result in an increase 
in mechanical properties of water saturated frozen calcite-cemented sandstone.  
Our results from this study suggest that advanced design of cutting tools and cutting 
parameters is required to efficiently excavate resources buried in permafrost regions, where 
materials are much harder (Briggs & Gross, 2002; Craft et al.,  2009; Gorevan et al., 2003; Kim 
& Colvin, 2012; Kim, 2015; Kim et al., 2017; Kim et al., 2010; Mukherjee et al., 2006; Smith & 
McKay, 2005; Weisbin & Rodriguez, 2000; Zacny et al., 2009). 
5.4.3 Effect of freezing on consumed energy and crack propagation velocity  
The energy consumed during the failure process in the CCNBD tests was examined by 
calculating the area under the force-displacement curve (Figure 5.8). The quantity of energy 
consumed during the failure process of CCNBD specimens indicates the energy required to 
propagate a crack. The average consumed energy in saturated frozen divider specimens was 
~39% higher than that of the oven-dried frozen specimens. Meanwhile, the average consumed 
energies of the saturated frozen arrester and short transverse specimens were respectively ~124% 
and ~80% higher than the oven-dried frozen specimens. The fracture toughness of the saturated 
frozen specimens is a combination of rock toughness and ice toughness, since the crack 
propagation in the frozen specimens requires the breaking of rock and ice. The energy consumed 
by the saturated frozen specimens is assumed to be used to induce crack through frozen rock and 
ice, in contrast, in the oven-dried frozen specimens, the energy consumed is assumed to be 
utilized for breaking only the frozen rock.  
In addition, the difference in the average consumed energy values was compared along 
the three notch orientations when the specimens were oven-dried frozen and saturated frozen. 
For the oven-dried frozen specimens, the average consumed energy for the divider specimens 
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was respectively ~30% and ~22% higher than that of the arrester and short transverse specimens. 
Interestingly, for the saturated frozen specimens, the average consumed energy for divider 
specimens was ~12% and ~1% lower than that of the arrester and short transverse specimens, 
respectively. These results support the evidence that bedding plane orientation with changes in 
water content inside the rock has a significant effect on the amount of energy consumed during 
the rock failure process at subfreezing temperatures.   
 
 
Figure 5.8 Consumed energy for oven-dried frozen (control) and saturated frozen specimens 
along the three notch orientations. * P < 0.05 (Students one-tailed t-test). Error bar is SEM (4 ≤ n 
≤ 5). 
The average consumed energy in oven-dried and saturated calcite-cemented sandstone 
specimens along different bedding orientations tested at RT (22°C) was reported in our previous 
papers (Maruvanchery & Kim, 2018a; 2018b). The average consumed energies of the oven-dried 
divider, arrester, and short transverse specimens at RT were 0.4 J, 0.26 J, and 0.27 J, respectively. 
The average consumed energies of the saturated divider, arrester and short transverse specimens 
at RT were 0.07 J, 0.08 J, and 0.07 J, respectively. This suggests that the presence of interstitial 
water in calcite-cemented sandstone specimens has a degrading effect on fracture properties at 
RT. On the other hand, comparing the results with those in Figure 8 reveals that the average 
consumed energy of the saturated frozen divider, arrester, and short transverse specimens was 
remarkably higher (~680%) than the respective specimens when tested at RT. This indicates that 
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the presence of water inside the rock at subfreezing temperatures strengthens rock fracture 
properties. Interestingly, the percentage of difference in the average consumed energy of oven-
dried frozen specimens and oven-dried specimens tested at RT was less than 13%—statistically 
insignificant. Unlike the substantial boundary water effect on UCS, the boundary water effect on 
fracture energy consumption is not significant. Based on the results of the mechanical and 
fracture properties of the oven-dried frozen specimens, it can be concluded that the presence of 
ice in pores and cracks is the main reason behind the strength increase. 
Crack propagation velocity was obtained from a strain contour plot acquired using the 
DIC technique at different stages of deformation. The regions of maximum strain values in the 
strain contour plot indicate the propagating crack front. The crack propagation velocity can be 
calculated by comparing the length of the crack front at different stages of time. In general, the 
average crack propagation velocity of the saturated frozen specimens was higher than that of the 
oven-dried frozen specimens. For divider specimens, the average crack propagation velocity 
under the water saturated frozen condition was a little higher (~ 9%) than that of the oven-dried 
frozen condition (Figure 5.9). For the arrester and short transverse specimens, average crack 
propagation velocity in water saturated frozen condition was ~120% and ~101% higher than that 
of the oven-dried frozen condition, respectively.  
 
Figure 5.9 Crack propagation velocities for oven-dried frozen and saturated frozen CCNBD 
specimens along the three notch orientations. Error bar is SEM (2 ≤ n ≤ 5). 
113 
 
Variation in the average crack propagation velocity was also observed along the three 
bedding orientations when the specimens were oven-dried frozen and saturated frozen. For oven-
dried frozen specimens, the average crack propagation velocity for divider specimens was ~45% 
and ~42% higher than that of the respective arrester and short transverse specimens. For 
saturated frozen specimens, the average crack propagation velocity for the divider specimens 
was ~28% and ~23% lower than those of the arrester and short transverse specimens, 
respectively. Consistent with the energy consumed during the rock failure process, bedding plane 
orientation with changes in water content inside the rock had a significant effect on the crack 
propagation velocity at subfreezing temperatures. Importantly, the crack propagation velocity 
and consumed energy along different notch orientations (divider, arrester, and short transverse) 
seemed to follow a linear trend (R2 = 0.62) in both the oven-dried and saturated frozen 
specimens (Figure 5.10). This result suggests that the specimens with larger amounts of 
consumed energy can contribute a greater percentage of energy toward crack propagation, 
thereby increasing the crack propagation velocity. Overall, the data provided by this study offer 
insightful information for the efficient mining of permafrost regions with variable water content, 
such as frozen lunar regolith as well as Arctic and Antarctic areas.  
 
Figure 5.10 Correlation analysis between consumed energy and crack propagation velocity of 
oven-dried frozen and saturated frozen specimens. Each data point represents the average value 







































As rock mechanics and fracture behaviors are important parameters for practical 
applications including mining in permafrost areas, the effects of water saturation on rock 
mechanical and fracture properties were studied at a subfreezing temperature along the three 
bedding plane orientations (divider, arrester, and short transverse). The UCS, BTS, and Et50 of 
the saturated frozen calcite-cemented sandstone specimens increased significantly when 
compared with those of the oven-dried frozen specimens. Moreover, the peak force and time-to-
failure for saturated frozen specimens in the UCS, BTS, and CCNBD tests were markedly higher 
than those for the oven-dried frozen specimens. The mode I fracture toughness (KIC), consumed 
energy, and crack propagation velocity of the saturated frozen calcite-cemented sandstone 
specimens increased compared to the oven-dried frozen specimens. Importantly, it should be 
noted that the UCS, Et50, and KIC values of saturated frozen rocks were within the range of 
combined rock and ice strength. Therefore, the dramatic increase in mechanical strength and 
fracture toughness of the saturated frozen specimens can be attributed to the presence of ice in 
the pores and cracks of the specimens, which fills them as a solid material and prevents their 
widening and spalling. The CMOD of the saturated frozen specimens was lower than that of the 
oven-dried frozen specimens, indicating that adhesive effect of ice is a predominant force in the 
enhanced strength and fracture properties of the saturated frozen rocks. In addition, the 
consumed energy and crack propagation velocity were higher in saturated frozen specimens than 
in oven-dried frozen specimens, supporting the evidence that frozen water inside a rock tends to 
increase its resistance to fracture propagation and failure processes. The results of our study 
provide insightful information for understanding the effects of saturation on rock mechanical and 
fracture properties at subfreezing temperatures, which is useful for designing appropriate 
methods and tools for excavating permafrost extraterrestrial regolith as well as Arctic and 
Antarctic regions. 
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6.1 Abstract 
 In this study, we proposed a series of experimental and imaging techniques to investigate 
variations in the nanomechanical properties (Er and H) of minerals and mineral-to-mineral 
contacts in calcite-cemented sandstone subjected to high-temperature treatment (500°C) in a 
furnace. Automated mineralogy combined with environmental scanning electron microscopy 
(ESEM) was used to determine minerals and mineral-to-mineral contacts in oven-dried and 
furnace-heated calcite-cemented sandstone. The crack density in oven-dried and furnace-heated 
calcite-cemented sandstone samples was measured using a MATLAB code written for ESEM 
image processing. The results showed significantly increased microcrack densities in furnace-
heated samples compared with oven-dried samples. Additionally, nanoindentation tests were 
performed to determine the Er and H of the minerals and mineral-to-mineral contacts subjected to 
high-temperature treatment. The Er and H of the minerals and mineral-to-mineral contacts 
significantly decreased in furnace-heated samples compared to oven-dried samples. Finally, an 
effort was made to understand the relationship between nanomechanical properties and 
mesoscale properties of calcite-cemented sandstone. The decreased mesoscale mechanical 
properties of calcite-cemented sandstone were likely to be caused by the decreased Er and H of 
the different minerals and mineral-to-mineral contacts due to high-temperature treatment. 
6.2 Introduction 
Understanding the effects of high-temperature treatment on the mechanical behavior of 
rocks provides fundamental information for numerous fields of engineering applications, such as 
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nuclear waste disposal, geothermal energy extraction and rehabilitation of rock supports after 
tunnel fire. High-temperature treatment can cause various physical and mineralogical changes 
within rocks (Hajpál and Török, 2004; Somerton, 1992; Torok and Hajpál, 2005). Additionally, 
significant changes in rock microstructures have been observed with the creation of new 
microcracks and widening of pre-existing ones (De Bresser et al., 2005; Den'gina et al., 1993; 
Geraud et al., 1992; Tian et al., 2014). Therefore, the mechanical properties of rocks subjected to 
high-temperature treatment can be significantly different from those under normal conditions. 
Many studies have been conducted to understand the effects of high-temperature 
treatment on the mesoscale mechanical behavior of rocks; however, few studies have been 
reported at the nanoscale level (Dwivedi et al., 2008; Nasseri et al., 2007; Ranjith et al., 2012; 
Simmons and Cooper, 1978; Tian et al., 2012; Yavuz et al., 2010). In the past, rocks have been 
treated more or less as homogeneous materials with uniform mechanical properties since 
mechanical characterization of such materials has been considered mostly at meso- or 
macroscales. Recently, with the invention of depth-sensing nanoindentation, the mechanical 
properties of individual minerals in a wide range of materials, including rocks, have been studied 
(Zhu et al., 2007).  
Nanoindentation constitutes a very powerful method that investigates the nanomechanical 
properties of different materials (Naderi et al., 2016; Tanguy et al., 2016; Taylor et al., 2014; 
Xiao et al., 2015; Zargari et al., 2016). Due to high interests in extracting shale gas in recent 
years, many studies have been conducted to understand the nanomechanical properties of shale 
and organic-rich rocks (Fan et al., 2019; Li et al., 2018; Liu and Ostadhassan, 2017; Liu et al., 
2016; Liu et al., 2019; Slim et al., 2018; Veytskin et al., 2017; Wilkinson et al., 2015; Zhang et 
al., 2018b). A key strength of nanoindentation testing is the ability to obtain large amounts of 
data in a matter of hours, helping researchers conduct statistical or spatial mapping of local 
mechanical properties of materials (Hintsala et al., 2018; Periasamy et al., 2011; Phani and 
Oliver, 2019; Schuh et al., 2006; Zhang et al., 2018a). 
Even though several investigations have been conducted to understand the effects of 
high-temperature treatment on the mesoscale mechanical behavior of rocks, as far as we know, 
no data is available at the nanoscale, especially for individual minerals and mineral-to-mineral 
contacts. To fill this knowledge gap, in this paper, nanoindentation tests were conducted on 
major minerals and mineral-to-mineral contacts in calcite-cemented sandstone subjected to high-
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temperature treatment. The objective of this research is to understand the variation in the 
nanomechanical properties due to high-temperature treatment and link nanomechanical 
properties to mineralogical observations using a combination of experimental techniques. 
Variations in nanomechanical properties of minerals and mineral-to-mineral contacts were 
correlated with changes in rock microstructure by combining nanoindentation test results with 
automated mineralogy analysis and environmental scanning electron microscopy (ESEM). 
Results from nanoindentation tests prove that high-temperature treatment of calcite-cemented 
sandstone significantly affected the nanomechanical properties of minerals and mineral-to-
mineral contacts. Finally, our findings suggest positive correlations between nanomechanical 
properties and mesoscale mechanical properties of calcite-cemented sandstone. This study 
significantly advances our understandings of rock mechanics and fracture behavior. 
6.3 Materials and Methods 
6.3.1 Sample preparation 
Samples for nanoindentation were prepared from calcite-cemented sandstone rock cores 
quarried from Monroe County, Indiana (Maruvanchery and Kim, 2019). The rocks at this site 
were approximately 320–325 Ma old and belonged to the sedimentary formations of the Buffalo 
Wallow group of the upper Mississippian. The rock formations in the Buffalo Wallow group 
comprised of limestone, shale and alternating layers of sandstone (Thompson et al., 2013). 
Samples of size 10 × 10 × 20 mm were cut from the rock cores. These samples were then divided 
into 2 groups and subjected to two different temperature conditions. The first group of samples 
was oven-dried at 105°C for 24 h, and the second group of samples was heated in a furnace at 
500°C. The rate of heating for the oven was 2.3°C per min, and the specimens were kept at a 
constant temperature of 105°C for 1,440 min (Maruvanchery and Kim, 2019). The specimens 
were then allowed to cool inside the oven at room temperature (RT). The rate of heating for the 
furnace was 6.6°C per min, and the specimens were kept at a constant temperature of 500°C for 
250 min. Specimens were then allowed to cool inside the furnace to RT. After the treatment, each 
sample was mounted with epoxy inside a mold and allowed to set for 24 h. After setting, the 
samples were retrieved from the mold and polished. Polishing was done in eight different stages 
of 5 min duration, starting from coarse polishing to fine polishing. Coarse polishing was done 
using sand papers with different grit sizes, and fine polishing was done using different diamond 
122 
 
suspension liquids. During the coarse polishing stages, mineral oil was used as a polishing liquid 
instead of water. For the fine polishing stages, LECO microid diamond compound extender 
(ethylene glycol based) was used to avoid further hydration or possible dissolution of minerals in 
the samples after temperature treatment. After each stage of polishing, the surfaces of the 
samples were observed under an optical microscope to confirm polishing efficiency and visibility 
of mineral structure. Surface roughness decreased as polishing progressed from the coarse to fine 
stages. Final polishing of the sample surface was done using a 1-µm diamond suspension. 
Samples were then stored separately in an airtight container to prevent moisture from entering or 
leaving the polished rock surface. The sequence of analytical methods used in this study is 
shown in Figure 6.1.  
  
Figure 6.1 Flow chart showing the methodology adopted in the research. 
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6.3.2 Automated mineralogy 
Automated mineralogy analysis was conducted on oven-dried and furnace-heated 
samples to assess the different minerals and mineral-to-mineral contacts, mineral abundance, 
mineral association, grain size, and pore percentage in the calcite-cemented sandstone rock. The 
automated mineralogy analysis was conducted using an FEI QUANTA 650FEG scanning 
electron microscope equipped with control program SEM control (xTm version 6) software. The 
data were acquired using two Bruker XFlash 6|30 energy-dispersive X-ray (EDX) spectrometers 
using a beam stepping interval of 2.1 μm, an accelerating voltage of 15 kV and a beam current of 
10 nA. Automated data acquisition and interactive data analysis were performed using iMeasure 
and iDiscover software, respectively. 
6.3.3 Environmental scanning electron microscopy  
The polished surfaces of the samples were observed using an FEI QUANTA 600I environ
mental scanning electron microscope (ESEM) to identify microcracks, minerals, and mineral-to-
mineral contacts. ESEM images were taken under a high vacuum chamber pressure of 0.9 Torr 
after coating each specimen with a thin gold film layer. Ten ESEM images each with an area of 
800 µm × 800 µm were selected from oven-dried and furnace-heated samples. These ESEM 
images were then overlaid on a quantitative evaluation of minerals by scanning electron 
microscopy (QEMSCAN) color-enhanced particle map from automated mineralogy analysis to 
identify different minerals and mineral-to-mineral contacts.  
6.3.4 Microcrack density measurements using MATLAB 
Observed microcracks were divided into two categories: intragranular (IA) and 
intergranular (IE). IA microcracks are relatively shorter than the grain diameter and completely 
lie within the grain (Kranz, 1983; Simmons and Richter, 1976; Sprunt and Brace, 1974), in 
contrast, IE microcracks run along the grain boundaries and can be continuous along several 
grain boundaries (Fujii et al., 2007). To quantify the extent of IA and IE microcracks created 
inside the specimens due to high-temperature treatment (500°C), crack density calculations were 
performed. ESEM images at 400 μm magnification were used for crack density measurements. 
The crack density calculation was performed as follows. First, all microcracks were identified 
from the ESEM images. IA microcracks were subdivided based on their occurrence in different 
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rock-forming minerals, and IE microcracks were subdivided based on their occurrence along 
different quartz contacts as explained in section 6.4.1. Second, each microcrack (IA or IE) was 
traced using different colors using Microsoft Paint software. Third, the crack density of each 
microcrack type (IA and IE) was measured using a MATLAB code as described in 
(Maruvanchery and Kim, 2019). The total pixel count was calculated for each type of microcrack 
and converted into total length (μm). Finally, the crack density was calculated by dividing the 
total length with the area of each ESEM image. 
6.3.5 Nanoindentation tests 
6.3.5.1 Theory and background 
The aim of the nanoindentation test is to obtain the nanomechanical properties such as 
modulus (reduced modulus, Er or elastic modulus, E) and hardness (H) of the sample from load-
displacement measurements (Fischer-Cripps, 2000, 2011). The nanoindentation testing apparatus 
can continuously measure the penetration depth (displacement) of an indenter into the surface, 
and the force (load) applied to the specimen (Broz et al., 2006). Analysis of the continuous load-
displacement data from nanoindentation allows one to calculate the Er/E and H values. In a 
typical nanoindentation test, the load is applied from zero to a maximum value and then back to 
zero (Figure 6.2).  
 




The slope of the unloading portion of the load-displacement curve is taken for calculating 
the modulus (Oliver and Pharr, 1992; Pharr, 1998). The slope is calculated by fitting the 
unloading curve to the power-law relation as given: 𝑃 =  𝐵(ℎ − ℎ𝑓) 𝑚                                                                                                                                  (6.1) 
where P is the indentation load, h is the displacement, hf is the final displacement after complete 
unloading, B and m are empirically determined fitting parameters. To calculate unloading 
stiffness, S, eq. (1) is differentiated at the maximum depth of penetration, h = hmax. 
𝑆 = 𝑑𝑃𝑑ℎ =   𝑚𝐵(ℎ𝑚𝑎𝑥 − ℎ𝑓) 𝑚−                                                                                                       (6.2) 
Hertz (1881) proposed a contact scenario between a rigid spherical indenter and a flat surface 
and introduced the concept of reduced modulus, Er. According to Hertz, Er is the combined 
modulus of the indenter and the specimen which is given by: 1𝐸𝑟 = (1 − 𝜈2)𝐸 + (1 − 𝜈𝑖2)𝐸𝑖                                                                                                                  (6.3) 
where E and ν are the elastic modulus and Poisson’s ratio for the specimen, respectively, and Ei 
and νi are the elastic modulus and Poisson’s ratio for the indenter material (Fischer-Cripps, 
2000). 
Reduced modulus, Er can be calculated as follows: 𝐸𝑟 = 𝑆√𝜋2√𝐴                                                                                                                                                (6.4) 
where A is the projected area of contact with the indenter.  
Since the geometry of the indenter is known, the area of contact can be determined 
indirectly using the shape function and the depth of penetration. The area function is determined 
by performing a series of indents at various contact depths or normal loads in a sample of known 
elastic modulus (fused quartz). The contact area, A is then calculated using eq. (6.5). 
𝐴 =  𝜋4   ( 𝑆𝐸𝑟)2                                                                                                                                        (6.5) 
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The calculated area as a function of contact depth is plotted using TriboScan software that 
fits the area of contact, A vs. depth of penetration, hc curve to a sixth order polynomial of the 
form:  
𝐴 =  𝐶0 ℎ𝑐2 + 𝐶  ℎ𝑐 + 𝐶2 ℎ𝑐  2 + 𝐶3 ℎ𝑐  4 + 𝐶4 ℎ𝑐  8 + 𝐶5 ℎ𝑐   6                                      (6.6) 
The constants from C1 through C5 vary depending on the exact shape of the indenter. 
These constants were assumed to better fit the shape of an ideal indenter. For an ideal Berkovich 
indenter, these constants (C1 through C5) are zero, and C0 = 24.5. Once the contact area is 
determined from the load-displacement data, the hardness, H, can be calculated using the 
following equation: 
𝐻 = 𝑃𝑚𝑎𝑥𝐴                                                                                                                                                  (6.7) 
where Pmax is the peak load, and A is the area of contact. 
6.3.5.2 Experimental procedure 
The nanoindentation test was performed using a Hysitron TI950 Triboindenter with a 
Berkovich diamond tip indenter and a 2-dimensional transducer (Figure 6.3). TriboScan software 
was used for instrument operation, data collection, and analysis. Indentation experiments were 
conducted at RT and ambient pressure. For all the minerals and mineral-to-mineral contacts, 
indentations were performed under displacement-control mode with a rate of 20 nmps to a depth 
of 150 nm and a hold time of 5 s between loading and unloading. For clay minerals, the hold 
time between the loading and unloading was increased to 15 s to avoid creep effects. The 
nanoindentation test was designed to cover different minerals and mineral-to-mineral contacts in 
rock specimens as shown in Figure 6.4. 
The locations of nanoindentations (within minerals and mineral-to-mineral contacts) were 
determined using ESEM images and QEMSCAN color-enhanced particle maps (Figure 6.5 and 
Figure 6.6).  An optical microscope fitted to the Triboindenter instrument facilitated the location 
of indents. Nanoindentation was performed within each individual mineral at three different 
locations to obtain reliable test results. Each mineral was indented 5-6 times to calculate its 
modulus and hardness. For each mineral-to-mineral contact, 10-12 indentations were performed 
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along the contacts. Special care was taken while choosing indentation locations for mineral-to-
mineral contacts. The indentations were performed on solid/jointed portion of the mineral-to-
mineral contacts rather than at the cracked or disjointed portions. These locations were identified 
using ESEM observations at very high resolutions (2 μm). After identifying the solid/jointed 
portion of mineral-to-mineral contacts, ESEM images were taken. Before the nanoindentation 
test, using the optical microscope (100 μm) fitted to the Triboindenter instrument, these locations 
were again roughly identified (since optical microscope cannot give high-resolution images 
compared to ESEM). 
 
Figure 6.3 Hysitron TI950 Triboindenter test apparatus. 




Figure 6.4 Schematic diagram showing nanoindentation locations across the prepared specimen. 
Red triangles indicate tested locations of nanoindentation. 
 
Figure 6.5 QEMSCAN and ESEM images of an oven-dried specimen used for finding different 
mineral-to-mineral contacts. (A) QEMSCAN image; ESEM images of (B) quartz-plagioclase, 




Figure 6.6 QEMSCAN and ESEM images of a furnace-heated specimen used for finding 
different mineral-to-mineral contacts. (A) QEMSCAN image; ESEM images of (B) quartz-
dolomite, (C) quartz-plagioclase, (D) quartz-K-feldspar, (E) quartz-calcite, and (F) quartz-quartz. 
Then the indentation locations on each mineral and mineral-to-mineral contacts were 
selected based on the surface roughness determined by scanning a small area (40 μm × 40 μm) 
inside the grain using the indenter tip. The selected indent locations were spaced at 3 to 5 times 
diameter of the indenter to avoid significant phase interactions. After the nanoindentation tests, 
ESEM observations were conducted again to confirm the exact location of indentations on 
minerals and mineral-to-mineral contacts. The actual indentations on minerals and mineral-to-
mineral contacts identified using the ESEM were used to analyze modulus and hardness. 
6.4 Results 
6.4.1 Automated mineralogy analysis 
The results from the automated mineralogy analysis, including grain size, mass, and area 
of minerals and phyllosilicates (clays), in oven-dried and furnace-heated specimens, are given in 
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Table 6.1. The mineralogical composition of calcite-cemented sandstone is reported as mass 
percentages from mineral abundance analysis. Rock mineralogy showed rock compositions 
dominated by quartz followed by calcite, plagioclase, dolomite, K-feldspar and clay minerals. 
Percentage associations of different mineral grains were calculated from the automated 
mineralogy analysis. From the analysis, more than 70% of the mineral associations were with 
quartz, which is the most abundant mineral in calcite-cemented sandstone. QEMSCAN color-
enhanced particle maps generated during the automated mineralogy analysis were used to 
identify different minerals and mineral-to-mineral contacts. The QEMSCAN images of oven-
dried and furnace-heated samples along with ESEM images of different mineral-to-mineral 
contacts are shown in Figure 6.5 and Figure 6.6. 
Table 6.1 Grain size, mass, and area percentage of different minerals in oven-dried and furnace-
heated calcite-cemented sandstones obtained from automated mineralogy analysis. 
Minerals 













Quartz 33 34 48.5 49.7 46.1 46.1 
Calcite 28 28 10.1 10.4 9.3 9.4 
Dolomite 28 31 4.4 5.8 3.8 4.9 
Plagioclase 15 15 9.6 9.6 9.2 9 
K-feldspar 11 12 4.3 4.2 4.3 4.1 
Phyllosilicates 
(Clays) 6 6 17.2 14.7 15.6 13.3 
Other minerals 7 9 1.2 1.5 0.7 0.9 
Unidentified 
pixels - - 4.7 4.2 4.2 3.7 
Pores - - - - 6.8 8.6 
6.4.2 Load-depth curves from nanoindentation tests  
The nanoindentation tests were conducted to understand nanomechanical properties 
(modulus, Er, and hardness, H) of individual mineral grains and mineral-to-mineral contacts in 
rock samples subjected to two different temperature treatments. The Er and H of the individual 
grains and mineral-to-mineral contacts were calculated from the load-depth curves obtained after 





Figure 6.7 Load-depth curves for different minerals in oven-dried and furnace-heated conditions; 
(A) quartz, (B) plagioclase, (C) calcite, (D) dolomite, (E) K-feldspar, and (F) kaolinite  Each 
graph is averaged value of 12 to 31 individual tests.  
Figure 6.7 shows typical load-depth curves obtained for different minerals in oven-dried 
and furnace-heated conditions. From the load-depth curves, for a target indentation depth of 150 
nm, the applied load was maximum for quartz followed by plagioclase, K-feldspar, dolomite, and 
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calcite. Kaolinite, the predominant clay mineral found in the calcite-cemented sandstone showed 
the least resistance to indentation. 
The load-depth curves of oven-dried and furnace-heated mineral grains were compared to 
identify the effects of different temperature treatments. For quartz and plagioclase minerals, the 
load-depth curves in oven-dried and furnace-heated conditions showed similar trends (Figure 
6.7A and Figure 6.7B). The differences in maximum load in oven-dried and furnace-heated 
specimens were less than 5% in quartz and plagioclase minerals. For calcite and dolomite 
minerals, small differences between the oven-dried and furnace-heated specimens were found in 
both loading and unloading portions of the curve, and the differences in maximum load were 
between 10−15% (Figure 6.7C and Figure 6.7D). Intriguingly, K-feldspar and kaolinite displayed 
large differences between the oven-dried and furnace-heated specimens for the load-depth curve; 
the maximum loads of K-feldspar and kaolinite were 18% and 94% greater in the furnace-heated 
condition than in the oven-dried condition, respectively (Figure 6.7E and Figure 6.7F). The 
results suggested that the effects of high temperature on maximum load differ between rock 
minerals and clay minerals. 
6.4.3 Hardness of minerals and mineral-to-mineral contacts from nanoindentation tests 
The hardness of minerals and mineral-to-mineral contacts from the nanoindentation tests 
were calculated using maximum load and area of contact. The size of the contact area at 
maximum load was estimated from the depth of penetration with the known geometry of the 
indenter (section 6.3.5.1). The hardness of minerals in oven-dried and furnace-heated specimens 
from the nanoindentation tests followed the Mohs hardness scale, with quartz showing the 
highest hardness value and kaolinite showing the lowest value (Figure 6.8).  
For most of the minerals, their hardness in furnace-heated conditions were found to be 
lower than those in oven-dried conditions. For quartz, the difference in hardness between oven-
dried and furnace-heated condition was negligible (< 3%). The hardness of K-feldspar and 
dolomite in the furnace-heated condition were found to be ~ 6% lower than those in the oven-
dried condition. For calcite, a significant reduction in hardness (~12%) was observed in the 
furnace-heated specimens compared with the oven-dried specimens. Interestingly, a significant 






Figure 6.8 Hardness for different minerals in oven-dried and furnace-heated conditions. * P < 
0.05 (Student’s one-tailed t-test). Error bars show the standard error of the mean (SEM, 12 ≤ n ≤ 
35). 
Figure 6.9 shows the hardness of different mineral-to-mineral contacts in oven-dried and 
furnace-heated specimens. Using automated mineralogy analysis (section 6.3.2), more than 70% 
of the mineral associations were found to be quartz based. Accordingly, quartz and other mineral 
contacts were selected for further research. The hardness of mineral-to-mineral contacts in the 
furnace-heated condition were found to be lower than those in the oven-dried condition. For 
quartz-plagioclase, quartz-dolomite and quartz-K-feldspar contacts, significant reductions in 
hardness were observed in the furnace-heated condition compared with the oven-dried condition 
(Figure 6.9). For quartz-plagioclase, quartz-dolomite and quartz-K-feldspar contacts, the 
hardness in the furnace-heated condition was ~ 73%, ~ 55%, and ~ 82% lower than those in the 
oven-dried condition. For quartz-quartz and quartz-calcite contacts, no significant effects of 
high-temperature treatment on mineral hardness were detected. 
6.4.4 Reduced modulus of minerals and mineral-to-mineral contacts from 
nanoindentation tests 
The reduced moduli for minerals in the oven-dried and furnace-heated condition are 



























found to be lower than those in the oven-dried condition except kaolinite. For quartz, the reduced 
modulus in the furnace-heated condition was ~ 6% lower than that in the oven-dried condition. 
The reduced modulus of plagioclase was found to be ~ 8.3% lower in the furnace-heated 
condition than that in the oven-dried condition. Calcite and dolomite revealed ~ 14% and ~ 16% 
lower reduced moduli in the furnace-heated condition than those in the oven-dried condition, 
respectively.  
 
Figure 6.9 Hardness for different mineral-to-mineral contacts in oven-dried and furnace-heated 
conditions. * P < 0.05 (Student’s one-tailed t-test). Error bars show the SEM (2 ≤ n ≤ 12). 
For K-feldspar, the difference in reduced modulus between the oven-dried and furnace-
heated specimens seemed negligible (~ 0.15%). Interestingly, for kaolinite mineral, an increase 
in the reduced modulus was observed due to furnace heating. The reduced modulus of kaolinite 
in the furnace-heated condition was ~ 35% higher than that in the oven-dried condition. 
Noticeably, the hardness and reduced moduli of rock minerals decreased in the furnace-dried 
condition compared with the oven-dried condition, In contrast the hardness and reduced modulus 
of kaolinite (clay mineral) increased in the furnace-dried condition compared with the oven-dried 
condition (Figure 6.8 and Figure 6.10). This suggested that the effects of high-temperature 





























Figure 6.10 Reduced modulus for different minerals in oven-dried and furnace-heated 
conditions. * P < 0.05 (Student’s one-tailed t-test). Error bars show the SEM (2 ≤ n ≤ 35). 
 The reduced moduli for different mineral-to-mineral contacts in the oven-dried and 
furnace-heated specimens are shown in Figure 6.11. Similar to the hardness of mineral-to-
mineral contacts, the reduced moduli of mineral-to-mineral contacts in the furnace-heated 
specimens were lower than those in the oven-dried specimens. For quartz-quartz contact, the 
reduced modulus in the furnace-heated condition was found to be ~ 11% lower than that in the 
oven-dried condition. For quartz-calcite and quartz-dolomite contacts, the reduced moduli in the 
furnace-heated condition were found to be ~ 37% lower than those in the oven-dried condition. 
For quartz-plagioclase and quartz-K-feldspar contacts, significant reductions in reduced modulus 
were observed due to furnace heating. For quartz-plagioclase and quartz-K-feldspar contacts, the 
reduced moduli in the furnace-heated condition were ~ 53%, and ~ 86% lower than those in the 
oven-dried condition. The results from the nanoindentation tests on mineral-to-mineral contacts 

































Figure 6.11 Reduced modulus for different mineral-to-mineral contacts in oven-dried and 
furnace-heated conditions. * P < 0.05 (Student’s one-tailed t-test). Error bars show the SEM (2 ≤ 
n ≤ 12). 
6.5 Discussion 
6.5.1 Comparison of nanomechanical properties of minerals with literature values 
 Table 6.2 shows the ranges of modulus and hardness for various minerals reported by 
previous studies using nanoindentation tests. The nanoindentation results of individual minerals 
in oven- dried condition were compared with the values reported in the literature (Broz et al., 
2006; Morales et al., 2015; Whitney et al., 2007; Zhu et al., 2007). The reduced modulus and 
hardness of quartz minerals from nanoindentation tests were found to be ~ 96.8 GPa and 11.6 
GPa, respectively.  
The reduced modulus and hardness of quartz mineral were well within the ranges 
specified in the literature. For calcite, plagioclase and K-feldspar minerals, our test results were 
in good agreement with ranges specified in the literature (Broz et al., 2006; Morales et al., 2015; 
Sayers, 2008; Whitney et al., 2007; Zhu et al., 2007). For calcite mineral, the reduced modulus 
and hardness were found to be 69.4 GPa and 2.4 GPa, respectively. The reduced modulus and 
hardness of plagioclase mineral from our study were 79.2 GPa and 8.4 GPa, respectively. The 
reduced modulus and hardness of K-feldspar mineral were 71.4 GPa and 8.3 GPa, respectively. 





































Table 6.2 Nanomechanical properties of various minerals from the literature. 
Mineral H (GPa) E (GPa) Literature 
Quartz 12–15 95–124 (Broz et al., 2006; Whitney et al., 2007; Zhu et al., 2007)  
Plagioclase 2.4–8.4 44–80 (Zhu et al., 2007) 
Calcite 1.7–2.7 62.5–94 (Broz et al., 2006; Morales et al., 2015; Sayers, 2008) 
Dolomite NA 30–115 (Morales et al., 2015) 
K-feldspar 7.3–11 68–110 (Broz et al., 2006; Zhu et al., 2007) 
Kaolinite 0.008–0.01 2.4–2.8 (Pal-Bathija et al., 2008; Prasad et al., 2002) 
The modulus of dolomite mineral from our test was slightly higher than the ranges 
reported in the literature. The literature value of dolomite mineral was based on nanoindentation 
tests performed on artificially prepared chemically bonded phosphate ceramic with low-grade 
magnesium oxide treated at 1,200°C (Morales et al., 2015). High-temperature exposure during 
the preparation stage reduced the modulus value of dolomite in the ceramic. Interestingly, for 
kaolinite, the reduced modulus and hardness obtained from our tests were significantly different 
from the literature values (Pal-Bathija et al., 2008; Prasad et al., 2002; Vallejo and Lobo-
Guerrero, 2005). This is because the ranges reported in the literature were mainly from 
nanoindentation tests performed on a thin film of kaolinite powder spread over a glass substrate; 
the study did not take into consideration the cementation effects of clays in a rock. The 
substantial increases in elastic modulus and hardness of kaolinite mineral in calcite-cemented 
sandstone can be due to cementation of clay over a long period of deposition. Previous literatures 
confirm that cementation of clays during the formation process of rocks can significantly 
increase their nanomechanical properties (Abedi et al., 2016; Bobko and Ulm, 2008; Bobko, 
2008; Ortega et al., 2007; Ulm and Abousleiman, 2006). This comparison between our 
nanomechanical property values with literature values confirmed the quality of our data.  
6.5.2 Effects of high temperature on nanomechanical properties of minerals 
Most of the rock-forming minerals and mineral-to-mineral contacts in calcite-cemented 
sandstone revealed significant changes in reduced modulus and hardness due to high-temperature 





Figure 6.12 Density of intragranular (IA) microcracks in different minerals due to temperature 
treatment. * P < 0.05 (Student’s one-tailed t-test). Error bars show the SEM (n = 10). 
As shown in Figure 6.12, the IA microcrack densities in calcite, quartz and plagioclase 
minerals significantly increased in furnace-heated specimens compared with oven-dried 
specimens. The increase in IA microcrack densities in calcite, quartz and plagioclase minerals 
were 760%, 76%, and 48%, respectively. Clark (1966) reported an increase in thermal expansion 
percentage of certain minerals along with their different crystallographic axes with temperature 
(Clark, 1966). According to the study, for a temperature increase from 100°C to 500°C, the 
thermal expansion in calcite along the perpendicular and parallel crystallographic axes were ~ 
1.3% and ~ 0.2%, respectively. For quartz, the thermal expansion along the perpendicular and 
parallel crystallographic axes were ~ 1.1% and ~ 0.65%, respectively. Similarly, for plagioclase, 
the maximum and minimum thermal expansion along the crystallographic axes were ~ 0.58% 
and ~ 0.20%, respectively. The significant increase in IA microcrack densities in calcite, quartz 
and plagioclase minerals can be attributed to anisotropic thermal expansion along different 
crystallographic axes. For dolomite mineral, IA microcrack density in the furnace-heated 
specimens increased by 30% compared with the oven-dried specimens. Thermal dissociation of 
dolomite occurs in two stages at 500°C and 890°C (Somerton, 1992). Accordingly, the increase 
in IA microcrack density in dolomite mineral after furnace heating can be attributed to initial 
thermal dissociation. Based on IA microcrack density (Figure 6.12), an increase in IA 
microcracks due to furnace heating indicated a weakening of rock-forming minerals and thereby, 











































Significant increase in hardness (~154%) and reduced modulus (~35%) were observed in 
kaolinite mineral after subjecting the sample to furnace heating. The increase in nanomechanical 
properties of kaolinite can be due to the transformation of kaolinite to amorphous metakaolinite 
at high temperatures. Shvarzman and coworkers (Shvarzman et al., 2003) observed increased 
compressive strength in kaolin admixtures with temperature due to the formation of amorphous 
metakaolinite. According to previous studies, when subjected to elevated temperatures, kaolinite 
may undergo a number of reactions including loss of adsorbed water, loss of combined or 
structural water, complete structural breakdown and formation of an amorphous phase, i.e., 
metakaolinite. Kaolinite undergoes a pre-dehydration process from 100–400°C, due to the 
reorganization in the octahedral layer (Balek and Murat, 1996). Progressive dehydroxylation 
(OH + OH ⇌ H2O + O) of kaolinite takes place from 400–500°C, resulting in the formation of 
amorphous metakaolinite (Elimbi et al., 2011; Frost and Vassallo, 1996; Kakali et al., 2001; 
Tironi et al., 2012). Thus, our results supported the conclusion that the effects of high 
temperature (~ 500°C) on nanomechanical properties differ between rock mineral grains and clay 
minerals. High temperatures typically decrease the hardness and reduced modulus of rock 
minerals but increase the hardness and reduced modulus of clay minerals (Figure 6.8 and Figure 
6.10). 
6.5.3 Effects of high temperature on nanomechanical properties of mineral-to-mineral 
contacts 
An increase in the density of IE microcracks was observed in the furnace-heated 
specimens when compared with the oven-dried specimens (Figure 6.14). The increase in IE 
microcrack density in the quartz-plagioclase, quartz-calcite, and quartz-dolomite contacts were 
52%, 26%, and 15%, respectively.  
The coefficients of volumetric thermal expansion of quartz were almost four times 
greater than plagioclase and two times greater than calcite and dolomite minerals, resulting in 
differential thermal expansion between these minerals when subjected to heat treatments 
(Robertson, 1988). This differential thermal expansion may cause some internal cracking along 
the mineral boundaries with the greatest stress (Mahanta et al., 2016; Siegesmund et al., 2008; 
Tian et al., 2012). A small increase in IE microcrack density (< 6%) was observed in quartz-
quartz contacts after furnace heating. This can be attributed to the presence of impurities along 
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the quartz contacts or inconsistencies in the orientation of quartz minerals during the deposition. 
A combination of ESEM observations and EDX analysis, the presence of calcite cementation 
was observed between various mineral-to-mineral contacts (Figure 6. 13). Calcite act as a weak 
cementing material both in oven-dried and furnace-heated samples, decreasing the 
nanomechanical properties of certain mineral-to-mineral contacts.  
 
Figure 6. 13 Calcite cementation observed between quartz-to-quartz mineral contact point. (A) 
ESEM image (B) EDX spectrum showing calcite peak.  
The presence of impurities with a lower melting point will create voids in quartz-quartz 
contacts. Additionally, at high temperatures, the minerals with impurity segregation at the grain 
boundaries can undergo grain boundary sliding followed by intergranular cavitation. When a 
crack begins to propagate at high temperature, a damage zone is created at the crack tip 
consisting of individual and coalesced cavities (Karunaratne and Lewis, 1980). Additionally, 
inconsistencies in the orientation of quartz minerals can create stress concentrations along the 
contacts due to anisotropic thermal expansion in the minerals. Thus, the decrease in 
nanomechanical properties of mineral-to-mineral contacts can be linked to the degradation of 
mineral boundaries due to an increase in IE microcracks because of furnace heating. The contacts 
of minerals with the highest difference in thermal expansion coefficients will lose their 





Figure 6.14 Density of intergranular (IE) microcracks along different mineral-to-mineral contacts 
due to temperature treatment. * P < 0.05 (Student’s one-tailed t-test). Error bars show the SEM 
(n = 10). 
6.5.4 Relationship between nanomechanical properties and mesoscale properties of 
calcite-cemented sandstone 
The decrease in mesoscale properties such as uniaxial compressive strength (UCS), 
Brazilian tensile strength (BTS), tangent Young’s modulus (Et50) and mode I fracture toughness 
(KIC), of calcite-cemented sandstone due to high-temperature treatment was reported in our 
previous study (Maruvanchery and Kim, 2018). Compared with the oven-dried specimens, the 
UCS of the furnace-heated specimens decreased by 5%, BTS decreased by 39%, Et50 decreased 
by 4% and KIC decreased by 30%. The decrease in mesoscale properties due to temperature 
treatment was similar to the decrease in nanomechanical properties of calcite-cemented 
sandstone. From the nanoindentation test results shown in section 6.4.3 and section 6.4.4, the 
mineral and mineral-to-mineral contact properties decreased significantly after furnace heating.  
ESEM images of oven-dried and furnace-heated calcite minerals taken before loading 
tests and IA microcrack density measurements exhibited the extent of damages in the calcite 
minerals due to high-temperature exposure (Figure 6.15A and Figure 6.15B). During mesoscale 
tests on furnace-heated specimens, microcracks generated due to thermal stresses facilitated 
easier crack propagation through calcite minerals and along the mineral boundaries. In mesoscale 
tests, apart from thermally induced microcracks, loading induced microcracks were also 










































specimens, especially in the furnace-heated specimens (Figure 6.15C and Figure 6.15D). These 
results supported the conclusion that higher microcrack densities resulted in higher microcrack 
coalescence under stress, ultimately leading to more rapid or earlier sample failure. 
 
Figure 6.15 Microcracks in oven-dried (A, C) and furnace-heated (B, D) calcite minerals before 
(A, B) and after (C, D) loading.  
6.6 Conclusions 
Nanoindentation, automated mineralogy and ESEM were used to understand the effects 
of high temperature (500°C) on the nanomechanical properties (Er and H) of different minerals 
and mineral-to-mineral contacts in calcite-cemented sandstone. Automated mineralogy analyses 
provided information for mineral size, mass and area percentage of different minerals in the rock 
specimens. Based on the available automated mineralogy data, quartz, calcite, plagioclase, 
dolomite, and K-feldspar are the main rock minerals, In contrast kaolinite is the primary clay 
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mineral. Er and H of rock-forming minerals and mineral-to-mineral contacts decreased 
significantly in furnace-heated specimens compared with oven-dried specimens. Interestingly, 
for kaolinite, an increase in Er and H were observed due to furnace heating.  
The significant decrease in Er and H observed in the rock-forming minerals, and mineral-
to-mineral contacts can be attributed to microcracks produced due to high-temperature treatment. 
ESEM observations and crack density measurements showed a noticeable increase in IA and IE 
microcrack densities in furnace-heated specimens compared with oven-dried specimens. 
Anisotropic thermal expansions along different crystallographic axes and thermal dissociations 
of certain minerals may be the primary reasons for the increased IA microcrack densities in the 
furnace-heated specimens. Differential thermal expansion, the presence of impurities and 
inconsistencies in the orientation of minerals during deposition may be the major causes behind 
the increased IE microcrack densities in the furnace-heated specimens. The decrease in Er and H 
of the individual minerals and mineral-to-mineral contacts due to furnace heating were consistent 
with the decrease in the mesoscale properties of calcite-cemented sandstone. Higher IA and IE 
microcrack densities due to furnace heating can facilitate microcrack coalescence under stress, 
ultimately resulting in decreased mesoscale mechanical strength and properties of calcite-
cemented sandstone. The results from this study can be applied to clastic sedimentary rocks with 
the similar origin and mineral composition, thereby contributing towards improving our 
understandings of rock mechanics and fracture properties. 
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CONCLUSIONS AND RECOMMENDATIONS 
The research in this thesis seeks to advance the understanding of the effects of different 
environmental conditions on the mesoscale and nanoscale mechanical and fracture properties of 
calcite-cemented sandstone through a series of experimental and observational methods. The 
major contribution of this research is the determination of nanomechanical properties of minerals 
and mineral-to-mineral contacts in calcite-cemented sandstone after high temperature treatment. 
The research also established a relationship between nanomechanical properties of minerals and 
mineral-to-mineral contacts to the mesoscale properties calcite-cemented sandstone. The results 
from this research can be used in discrete element based numerical codes to accurately model 
different field case scenarios. In addition, this research demonstrated the effects of water on the 
mesoscale properties calcite-cemented sandstone at room temperature and at -50°C. The 
presence of water at a sub-freezing temperature significantly increased the mesoscale properties 
calcite-cemented sandstone compared to the rock tested at room temperature. The results can be 
applied in the fields like space mining, excavation in cold regions and others. This chapter 
discusses specific conclusions from each chapter of this thesis, presents a general summary and 
proposes some recommendations for future work. 
7.1 Specific conclusions from each chapter 
Chapter 3 and chapter 4 investigates the effects of heat and water on the mechanical 
properties of calcite-cemented sandstone using standard uniaxial compressive strength (UCS) 
and Brazilian tensile strength (BTS) tests. In addition, fracture properties such as mode I fracture 
toughness (KIC), consumed energy and crack propagation velocity were examined along three 
notch orientations (divider, arrester and short transverse) with cracked chevron notched Brazilian 
disk (CCNBD) tests. Digital Image Correlation (DIC) was used for both strain and crack 
propagation velocity measurements, and environmental scanning electron microscope (ESEM) 
was employed to investigate the microstructural damages produced in specimens before and after 
CCNBD tests. The microcrack density and microcrack area were measured using a MATLAB 
code written for ESEM image processing. 
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Test results from chapter 3 reveal that the UCS, BTS and Young’s modulus (Et50) of the 
furnace-heated (500°C) calcite-cemented sandstone specimens decreased when compared with 
oven dry condition (105°C). KIC, consumed energy and crack propagation velocity were 
substantially reduced when specimens were furnace-heated. In addition, the heating effect on the 
fracture toughness varied with bedding plane orientations. The reduction in KIC and consumed 
energy due to furnace heating were pronounced in divider specimens compared to arrester and 
short transverse specimens. In contrast, the reduction in crack propagation velocity due to 
furnace heating was higher in short transverse specimens compared to arrester and divider 
specimens. Heat treatment increased rock brittleness, suggesting that the fracture toughness was 
negatively correlated with rock brittleness. The microcrack density after heat treatment was 
significantly higher in divider specimens than arrester and short transverse samples. From the 
ESEM images, mineral grains in furnace-dried specimens seem to be dislocated or uprooted from 
the matrix during the failure process when compared with oven-dried samples. After annealing 
the calcite-cemented sandstone, microcracks were created inside the rock due to differential 
thermal expansion, anisotropic thermal expansion of the minerals, and dehydration of clay 
minerals. The microcrack density created due to heat treatment enhanced microcrack coalescence 
during loading, thereby decreasing the mesoscale mechanical and fracture properties of rock. 
Test results from chapter 4 reveal that the UCS, BTS and Young’s modulus (Et50) of the 
calcite-cemented sandstone specimens in saturated condition decreased significantly when 
compared with oven dry condition. KIC, consumed energy and crack propagation velocity were 
substantially reduced when specimens were saturated. The consumed energy during rock failure 
was found to have a good correlation with the fracture toughness (R2 = 0.89). The reduction in 
KIC and consumed energy due to water saturation were pronounced in divider specimens 
compared to arrester and short transverse specimens. In contrast, the reduction in crack 
propagation velocity due to water saturation was higher in short transverse specimens compared 
to arrester and divider specimens. 
ESEM images of water-saturated specimens before CCNBD tests showed significant 
differences in terms of microscale damages when compared with oven-dried specimens. 
Microcracks and voids were visible in water-saturated calcite-cemented sandstone specimens due 
to the dissolution of minerals and expansion of clay minerals. In water-saturated specimens, 
microcrack density was reduced, but microcrack area was increased after CCNBD tests. The 
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results suggest that water saturation enhances the coalescence of microscale cracks or grain 
separation creating wide microcracks after loading. In addition, the presence of water in calcite-
cemented sandstone decreased the strength of the clay matrix, creating a significant strength 
disparity between rock-forming minerals and clay matrix. When loaded, microcracks propagate 
effortlessly through weaker clay matrix than stronger rock-forming minerals leading to a 
reduction in the mechanical and fracture properties of the rock. Test results show that the 
presence of water in the calcite-cemented sandstone at room temperature nullified or 
significantly reduced the effect of bedding plane on the mechanical and fracture properties of the 
rock. 
Chapter 5 investigates the effects of freezing (-50°C) on the mechanical and fracture 
properties of oven-dried and saturated calcite-cemented sandstone specimens along three notch 
orientations using UCS, BTS and CCNBD tests. Test results reveal that the UCS, BTS, Young’s 
modulus (Et50) and KIC of the calcite-cemented sandstone specimens in saturated frozen 
condition increased significantly when compared with oven dry frozen condition. In addition, the 
failure modes of oven-dried frozen and saturated frozen specimens under UCS, BTS, and 
CCNBD tests were also different. Consumed energy and crack propagation velocity were also 
increased in saturated frozen specimens when compared with oven-dried frozen specimens. 
Crack mouth opening displacement (CMOD) of the saturated frozen specimens was lower than 
that of oven-dried frozen specimens.  
The dramatic increase in mechanical strength and fracture toughness of the saturated 
frozen specimens can be attributed to the presence of ice in the pores and cracks of the 
specimens, which fills them as a solid material and prevents their widening and spalling. Test 
results show that the presence of water in the calcite-cemented sandstone at subfreezing 
temperatures enhances the effect of bedding plane on the mechanical and fracture properties of 
rock.  
In chapter 6 a series of experimental and imaging techniques were proposed to 
investigate variations in the nanomechanical properties (Er and H) of minerals and mineral-to-
mineral contacts in calcite-cemented sandstone specimens subjected to high-temperature 
treatment (500°C). A combination of automated mineralogy, ESEM and nanoindentation tests 
were conducted. Automated mineralogy analyses provided information for mineral size, mass 
and area percentage of different minerals in the rock specimens. The result from the 
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nanoindentation test revealed that Er and H of rock-forming minerals and mineral-to-mineral 
contacts decreased significantly in furnace-heated specimens compared with oven-dried 
specimens. ESEM observations and crack density measurements showed a noticeable increase in 
microcrack densities in furnace-heated specimens compared with oven-dried specimens.  
Anisotropic thermal expansions along different crystallographic axes, thermal 
dissociations of certain minerals, differential thermal expansion, the presence of impurities and 
inconsistencies in the orientation of minerals during deposition are the major causes behind the 
increased microcrack densities in the furnace-heated specimens. The decrease in Er and H of the 
individual minerals and mineral-to-mineral contacts due to furnace heating were consistent with 
the decrease in the mesoscale properties of calcite-cemented sandstone. 
7.2 Recommendations for Future Research 
The research has addressed the effects of different environmental factors on meso- and 
nanomechanical and fracture properties of calcite-cemented sandstone using different 
experimental and non-contact optical observational methods. Understanding the mechanical and 
fracture properties of rocks at macroscale using experimental methods becomes challenging due 
to the difficulties in specimen preparation, availability of large-scale testing facilities and cost of 
experiments. Numerical models are powerful tools to study the rock response without any 
limitation on the scale of the tests. Future research along this path can adopt the nanomechanical 
properties of minerals and mineral-to-mineral contacts from this study to build discrete element 
models of meso- or macroscale problems. The results from the UCS, BTS and CCNBD tests can 
be used to validate the model.  
During this research, nanoindentation tests were conducted at room temperature on 
specimens subjected to various temperature conditions (100°C and 500°C). Due to the 
unavailability of suitable equipment, nanoindentation tests on frozen specimens cannot be 
conducted. Understanding the nanomechanical properties of rock at subfreezing temperature will 
be beneficial for the design of tools for space mining. 
DIC technique which was used to measure crack propagation velocity during the CCNBD 
tests can only identify surficial crack initiation and propagation. In order to identify and measure 
internal crack initiation and propagation, acoustic emission techniques can be implemented.  
